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Abstract 
With demand for air travel continuing to rise, its climate impacts are expected to 
increase dramatically and will be of continuing concern to decision makers. There is 
also a need to better understand the ways a changing climate may impact on air 
transport, both operationally and economically. This will influence safety, efficiency and 
future environmental impacts and is important in the development of mitigation policies. 
This thesis investigates a new angle, the implications of climate change for the UK 
aviation sector, with an aim to understand the impacts of changes in weather-related 
delays and severe weather events, using a case study of London’s Heathrow airport. 
Statistical analysis of delay and weather data was used to identify the key weather 
parameters associated with weather-related delays at Heathrow and their level of 
impact. Seven climate models were used to calculate forecast changes in weather 
parameters in 2050 for three emission scenarios. These changes were then used to 
derive an estimate of weather-related delay frequency and the level of impact in 2050.  
The vulnerabilities of UK air traffic operations to changes in the frequency and severity 
of extreme weather events, associated with climate change, were identified and 
analysed using the example of a simulated short closure of Heathrow airport with 
associated cancellations and diversions.  
This thesis additionally explored how sector response to extreme weather events and 
changing climate conditions could influence the climate impact of air transport. 
Changes in CO2 emissions due to large system disruption are assessed. Possible 
changes in wind speed and direction were also examined, as these can affect flight 
times and trajectories, and so influence fuel use and hence CO2 emission. 
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Chapter 1  Introduction 
 1 
1 Introduction 
In recent decades, air transport has been the fastest growing mode of transport in the 
world. The growth in air transport has contributed to trade and economic growth and 
the sector is an important employer. At the same time, the growth in air transport 
places an increasing burden on the environment, in terms of climate change, air 
quality, noise pollution and other impacts associated with airports and their supporting 
infrastructure. The activities of the air transport industry have long been constrained by 
matters of public interest in addition to economic factors. Of most importance 
historically are matters related to safety and environmental issues associated with local 
noise and air pollution. Two global environmental issues have emerged for which air 
transport may have potentially important consequences: climate change, including 
changes to weather patterns (i.e., rainfall, temperature, etc.), and for supersonic 
aircraft, stratospheric ozone (O3) depletion.  
In response to rising concern about air transport’s impact on climate change, the 
subject has been extensively studied (such as, Royal Commission on Environmental 
Pollution, 2002; Sausen, et al., 2005). The most comprehensive assessment so far 
concerning air transport's contribution to global atmospheric problems is contained in 
the Special Report on Aviation and the Global Atmosphere prepared by the 
Intergovernmental Panel on Climate Change (IPCC) in 1999. The report highlighted 
that aircraft emit gases and particles, which alter the atmospheric concentration of 
greenhouse gases, trigger the formation of condensation trails and may increase the 
development of cirrus clouds, all of which contribute to climate change. Additionally, the 
report concluded that aircraft are estimated to contribute about 3.5 percent of the total 
radiative forcing (a measure of change in climate) of all human activities and that this 
percentage, which excludes the effects of possible changes in cirrus clouds, was 
projected to grow. 
Over the past 20 years, the number of passengers carried into and out of UK airports 
has trebled and air transport movements and freight have more than doubled. The 
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Department of the Environment, Transport and the Regions produced its latest set of 
air traffic forecasts in May 2000 (DETR, 2000). These indicate that unconstrained 
demand for passenger air travel may almost double current levels by the year 2015. 
This forecast growth presents a major challenge. However, observed increases at UK 
airports in terms of terminal passengers from 2000 to 2005 is already approximately 27 
percent (DfT, 2006a). This indicates that projected growth in air travel may be higher 
than expected. Overall, a shortage of capacity is already observed at some of the UK's 
major airports. The result is major pressure to increase provision and to find ways of 
making more efficient use of existing infrastructure, whilst seeking ways to reduce air 
transport's environmental impact.  
Increased traffic means a greater effect on the atmosphere and therefore also the 
climate. Considering the expected growth in the amount of flights one needs to analyse 
the changes in composition of the atmosphere and the effects of these changes. 
Therefore, with the demand for air travel continuing to rise, the climate impacts of air 
transport are expected to increase dramatically. A variety of policy measures have 
been considered to address the climate impacts of aviation, both globally and by the 
European Union (EU). Carbon-dioxide (CO2) is the easiest indicator of environmental 
performance of a flight to consider, as emissions to the atmosphere are proportional to 
fuel consumption and their impacts are independent of the location or time of emission, 
making it possible to make comparisons with emissions and impacts from other 
transport modes and from non-transport sources. Therefore, CO2 has been the primary 
focus of policy proposals so far.  
However, although the degree of projected growth in air transport can be debated, it is 
still necessary to have a clear and full picture of air transport influence on the 
environment in order to introduce appropriate measures. Only then can the effects of 
different policy, technology, and operational scenarios be predicted and evaluated. 
Therefore, there is a need to assess the air transport impact in a changing climate and 
to adjust future polices accordingly. 
For example, the recent White Paper on the future of air transport, which provided a 
strategic framework for UK air transport over the next 30 years (DfT, 2003a), gave very 
low priority to the anticipated environmental impacts of air transport expansion and did 
not consider any possible implications of changing weather patterns on UK air 
transport. Overall, there are only a limited number of studies dealing with problems of 
possible impacts of climate change on transport (Rail Safety and Standards Board, 
2003; London Climate Change Partnership, 2002; Mayor of London, 2005), and none 
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when it comes to air transport. This dissertation fills a key gap in our understanding of 
how climate change affects air transport. 
1.1 Climate impacts on air transport 
The UK's climate is changing. The last few years have provided ample examples of hot 
dry summers, and warm wet winters with episodes of intense rain and fog. There is a 
growing belief that these can not be considered anymore as isolated incidents, but part 
of a trend, which will have an impact on UK air transport in the future. Overall, in 
practice, the impact of climate change on air transport will mean that various weather 
phenomena, which cause these effects, will happen more often, and the extremes will 
become more intense. Increases in the frequency or magnitude of extreme weather 
events could amplify the cost to aircraft operators and airport authorities ranging from 
closed runways, flight delays and cancellations, and other interruptions of air transport 
activities.  
Air transport is very sensitive to weather conditions. Adverse weather has a major 
impact on safety, efficiency and punctuality of air transport operations (Sprinkle, 1991). 
Safety margins may be reduced by weather phenomena by creating the potential for 
incidents and even accidents. Adverse weather phenomena in addition, may also 
decrease the capacity of airports, or an entire region’s airspace through delays, 
diversions and flight cancellations. In addition, in severe weather conditions, airports 
may be forced to reduce their capacity drastically through either closure of runways or 
in extreme cases by complete shut down of operations. 
Plans to expand capacity may be increasingly affected by severe weather impacts in a 
changing climate. For example, it has been predicted that there will be a northward 
shift in the storm tracks, making northern European airports potentially more vulnerable 
to severe weather closures and delays. The disruption associated with those problems 
could have significant operational, safety and environmental implications. Therefore, it 
is important that these predicted trends over the next 50 years are better understood. 
This is important in order to implement changes safely and effectively and to find 
solutions to the emerging environmental problems associated with climate change. 
For all these reasons, this research investigates a completely new angle, the impact of 
climate change on UK air transport. The aim is to understand how the sector will be 
affected by changing climate in order to adjust to these climate changes properly. This 
is primarily in terms of the impacts of increasing weather-related delays and the 
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implications for air traffic management. This research is particularly focussed on 
exploring the impact of adverse weather conditions, expected from a changing climate, 
on airport operations.  
In addition, this thesis will explore how sector adjustments to extreme weather events 
and changing climate conditions could in turn influence the future climate impact of 
aviation. For example, wind speed and direction can have a significant impact on flight 
times and trajectories, and hence on the fuel required for a given flight. Therefore, 
possible changes in wind field patterns can influence the efficient use of fuel, and 
hence alter the amount of emitted CO2. In addition, large system disruptions, such as 
short airport closures, can have additional impacts on CO2 emissions (i.e. additional 
fuel consumption due to long holding times and diversions). These issues have not 
previously been addressed in the literature. 
Overall, the lack of research concerning climate change implications for air transport 
has shown that there is a need to better understand the mechanisms through which 
changing weather may impact on UK air transport in the future. This applies both to the 
operational and economical perspectives. In addition, this issue is essential to ensuring 
the highest level of both safety and efficiency, as well as to better understand further 
environmental impacts of air transport in the future. This matter has to be considered 
when introducing future policies to limit the possible impact of air transport on climate 
change. In order to develop a method to address these issues, it is necessary to define 
the major research objectives. These are presented below. 
1.2 Research objectives  
This research is concerned with the possible implications of climate change on the UK 
aviation sector and the feedback mechanisms associated with it. It will identify how 
changes in the climate will affect the UK air transport sector and how those effects 
sequentially may influence the ways in which aviation contributes to further climate 
change (Figure 1-1).   
 
Figure 1-1. Feedback mechanism 
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The overarching objective of this study will be to quantify the potential climate change 
implications on the UK air transport sector in 2050. This research will answer the 
following questions: 
1. What impact will changes in the future wind field have on CO2 emissions by 
aircraft? 
2. What impact will changes in severe weather patterns have on the operation of 
UK airports? 
3. What impact will changes in weather patterns have on air traffic delays? 
1.3 Outline of the thesis 
This thesis is structured in several chapters. Chapter 1 describes the precise 
framework of the research and defines the research objectives. To further investigate 
these objectives, a detailed literature review (Chapters 2 and 3) has been performed to 
identify relevant existing insights into possible climate change impacts, and areas 
requiring further research. The literature review begins with an overview of the impact 
of current weather on air transport. Since the focus is on the impact of changing 
weather patterns, and severe weather conditions, the next segment discusses the 
ways in which air transport can be affected by the changing climate. A brief 
assessment of future UK climate scenarios is given together with a discussion on 
feedback responses.  
In order to address the first research objective defined in Chapter 1, Chapter 4 
presents the methodology for calculation of the UK Base Case CO2 emissions 
scenario. In other words, the aim of Chapter 4 is the estimate of current CO2 emissions 
from the aviation sector in the UK. This chapter addresses the problem by 
recommending a possible methodology to allocate emissions to specific sources using 
detailed air traffic data. The basis for the calculations is an air traffic sample that 
represents one full-day of UK air traffic. In addition, by comparison with other CO2 
emission estimates this chapter provides a validation of the simulation methods used 
for calculation of CO2 emissions of an aircraft in Chapters 5 and 8. 
Chapter 5 addresses the first research objective, providing an assessment of the 
impact of future wind fields on CO2 emissions. Emissions of CO2 are directly 
proportional to the amount of fuel burned and so, any factors that may influence the 
use of fuel will alter the amount of emitted CO2. Therefore, in order to analyse the 
relationship between aircraft fuel consumption and hence CO2 emissions from different 
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wind fields, air traffic simulations of UK airspace have been performed. These 
simulations are conducted using air traffic simulation software, which enables the 
simulation of wind effects on flights at altitude (i.e. above 3000ft). Chapter 5 
investigates separately the net impact of possible changing wind field patterns on the  
UK as a whole, as well as the impact on a single flight. 
Chapter 6 introduces a method for analysis of the impact of future weather conditions 
on air traffic delays. As explained in Chapter 2,  adverse weather conditions can have a 
significant impact on air traffic operations, with the most common effect being air traffic 
delays. In order to investigate the impact of future weather conditions due to a 
changing climate, it is important to understand the current impacts of weather. Overall 
analysis of the current UK weather-related delays has highlighted Heathrow Airport as 
the most suitable for an in-depth analysis. The rationale behind this selection is 
explained in this chapter as well. Chapter 7 continues with a statistical analysis used to 
test the hypothesis of the impact of weather conditions on Heathrow delays and to 
determine the most important weather parameters that cause weather-related delays at 
Heathrow. Chapter 7 develops two statistical weather delay models (i.e. the Delay 
Model and Delay Impact Model), based on observed weather delay data, that can be 
used to estimate the level of changes in future weather-related delays with regards to 
changes of the most influential weather-related delay predictors. 
Based on the same rationale as in Chapter 7 (i.e. analysis performed on the Heathrow 
airport example), Chapter 8 analyses the implications of severe air transport system 
disruption due to extreme weather by analysing its impacts on air traffic management 
associated with short airport closures. The system disruptions have been measured by 
delays, additional fuel consumption, flight rerouting or diverting to alternate airports, 
and flight cancellations, all of which have economic consequences. Using the example 
of a hypothetical short term Heathrow closure, the vulnerabilities of Heathrow airport 
operations to this type of event are identified. Separate assessment of the operational 
and environmental costs for arrivals and departures is performed.  
Chapter 9 uses findings from Chapter 7 to estimate the impact of changing weather on 
air transport operations at Heathrow in the future. More precisely, it gives an estimate 
of weather-related delay frequency in 2050. The impact of changing climate has been 
assessed only for a limited range of weather parameters due to the lack of available 
data. Seven climate models have been used to calculate changes in four weather 
parameters in 2050 for three different emission scenarios (i.e. images of the future). 
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Overall, using the models developed in Chapter 7 and forecast changes from climate 
models, this chapter analyses weather-related delay at Heathrow airport in 2050. 
The thesis ends with Chapter 10 drawing together the conclusions achieved throughout 
this research together with suggested areas for further research. Figure 1-2 crystallises 
the overall structure of this thesis. 
 
Figure 1-2. Overview of the thesis 
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2 The impact of weather on air transport 
To address the research objectives defined in Chapter 1 it is necessary to analyse the 
impact of current weather on air transport. In this respect, this chapter provides a basis 
for further analyses by assessing the current weather impact on air transport. It starts 
with the background to the problem. This is followed by an explanation of weather 
impact through different phases of flight, focusing separately on the airport terminal 
area and enroute traffic. The chapter continues with an overview of relevant past 
research and explains the need to carry out this type of study in the UK. This section 
ends with a short summary of the most important weather parameters affecting air 
transport and their level of impact. The chapter continues with a discussion of severe 
weather events that represent a major danger to the overall performance of the air 
transport system. The chapter concludes with a short summary. 
2.1 Background to the problem 
The air transport sector is very sensitive to weather and weather changes. Adverse 
weather has a major impact on the safety, efficiency and punctuality of air transport 
operations (Sprinkle, 1991). Regardless of their size, both international and small local 
airports can be equally affected by weather conditions. Major disruptions to air 
transport schedules can be caused by poor visibility and even moderately low-speed 
crosswinds combined with wet runway conditions can effectively close an airport. 
Likewise, weather conditions may also compromise safety, efficiency and regularity of 
flight operations en route (ICAO, 2002).  
Safety margins may be reduced by critical weather phenomena, creating the potential 
for incidents and even accidents. For example, Lindsey (1998) states that 43 percent of 
all US non-fatal accidents had weather as a contributory factor. Critical weather 
phenomena include thunderstorms, turbulence, wind gusts, wind shear, heavy snowfall 
and rain, low visibility from fog, mist or haze amongst others. Some weather 
phenomena also decrease the capacity of airports as a result of the need for increased 
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separation between aircraft (separation minima), the need for additional holding, or by 
the closure of one or more runways. As a result, a critical weather phenomenon 
reduces the operational capacity of a region's entire airspace through delays, 
diversions and flight cancellations. 
Weather continues to be one of the most important factors affecting air transport safety 
and efficiency. It is becoming the dominant cause of delay in Europe. In 2005, 27 
percent of Air Traffic Flow Management (ATFM)1 overall delays and 45 percent of 
airport delays were attributed to weather (Eurocontrol, 2006a). The projected increase 
in air travel will intensify the impact of adverse weather on air transport safety and 
efficiency. Overall, for all parties involved in air transport, safety is a main concern. 
However, this concern for safety comes at a cost and it leads without doubt to traffic 
delays, diversions, and cancellations (Rodenhuis, 2004). Therefore, assessment of the 
impact of weather in the current environment as well in future changing climate 
conditions is essential in order to enable the sector to adjust to it adequately. 
2.2 Weather parameters affecting air transport 
Although it is understandable that weather significantly influences the safety and 
operating efficiency of air transport, the weather impact varies greatly between en-
route, airport terminal area, and flight corridors (Hauf, 2002). In addition, the impact 
varies from airport to airport. The vulnerability of one airport to a specific weather 
parameter or phenomenon can not be transferred to another, since it depends on 
several basic characteristics of the airport. These include orientation of runways, 
capacity, precision landing equipment, topography and prevailing local weather 
phenomena. In addition, as with the impact of weather on a specific airport, weather 
impact shows a large variability from region to region as well, mainly due to climatic 
differences (Hauf, 2002).  
Some weather effects are apparent only en-route and have no impact in the terminal 
area or on the ground, and vice versa. Usually, wind shear, fog, heavy snowfall and low 
                                            
1 Air Traffic Flow Management (ATFM) delay, which is within the direct control of Eurocontrol, is 
defined as the duration between the take-off time requested for the aircraft and the actual take-
off slot given by the Central Flow Management Unit (CFMU) of Eurocontrol. ATFM is the 
regulation of air traffic in order to avoid exceeding airport or air traffic control capacity in 
handling traffic, and to ensure that available capacity is used efficiently (Eurocontrol, 2003). 
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visibility affect take-off and landing operations, while clear-air turbulence is  
characteristically an en-route hazard. Fog, for instance, is an important element only at 
low altitudes, while thunderstorms impact air transport on much broader terms. 
Thunderstorms can affect traffic in the airport terminal area and in congested airspace 
where storm avoidance is difficult. The necessary convergence of traffic flows in these 
areas makes the airport terminal area and the flight corridors most susceptible to 
weather impact (Hauf, 2002). Weather hazards within the terminal area, which in 
addition to the runways and taxiways includes the approach and departure routes and 
adjacent holding areas around the airport, can be extremely dangerous due to low 
aircraft altitudes (NAWPC, 1999). 
The sensitivity to weather of each phase of flight is different and the actual impact of 
weather on flights depends on several factors. These include type of aircraft, 
geographical characteristics of an airport and the surrounding area, physical layout of 
the airport, pilots' abilities/qualifications, and instrumentation of the aircraft and the 
airport (Comet, 2005). Figure 2-1 summarises the weather impacts (and related 
phenomena) in relation to the phase of the flight. 
 
Figure 2-1. Phase of flight and weather phenomena 
Figure 2-1 shows that thunderstorms impact the air transport during all phases of flight. 
Thunderstorms are an extreme manifestation of instability in the atmosphere and 
include a number of phenomena produced by mature cumulonimbus clouds (ICAO, 
2005a). Turbulence, hail, rain, snow, lightning, strong winds, tornadoes, and icing 
conditions are all present in thunderstorms. They usually include almost every weather 
hazard known to air transport (NWA, 2001). Due to thunderstorms and related 
phenomena, airports can be closed, airport capacity can be degraded (their arrival and 
departure rates decreased), and airport ground operations may be delayed or even 
stopped (Kulesa, 2002). Additionally, during lightning in the area ground handlers and 
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fuelers might be prevented from carrying out their work. In some cases, thunderstorms 
with high levels of rainfall can considerably impact air transport operations at the airport 
due to large amounts of water deposited on the runway. These flooded conditions can 
lead to hazardous operations due to reduced fraction and reduced braking efficiency 
(Miner, 2002).  
The airport is the gateway to the airspace system and includes ground handling 
operations, taxiing between ramp and runway, and the first or final moments of takeoff 
or touchdown. Ground operations can be affected by adverse weather effects, which 
are usually included as one of the limiting conditions in estimating operational capacity 
of an airport (Rodenhuis, 2004).  
Occasionally in the UK, but more frequently elsewhere, due to weather conditions, 
aircraft on the ground have to be de-iced before departure. In some cases aircraft have 
to be coated with a fluid the night before the flight in order to prevent snow or ice build-
up. In addition, due to weather conditions runways might need to be plowed or treated 
for snow and/or ice contamination. Overall, the icing effect on the ground can be 
separated into two areas, surface icing (contamination of airport movement areas and 
roads with snow and ice) and aircraft icing (formation of ice on the aircraft) (Röhner, 
2006). During periods of icing conditions aircraft on the ground are vulnerable to the 
buildup of ice on control surfaces, instrument orifices, propellers, and engine inlets and 
interiors. In icing conditions, de-icing of all aircraft is necessary and requires time and 
equipment which can cause long delays. In addition, surface contamination of taxiway 
and runway surfaces, with slush or standing water at near-freezing conditions, 
represent another possible danger to aircraft movement. Moreover, ice and snow have 
an impact on terminal operations overall. Boarding gates, taxiways, and runways may 
become unusable and hence airport operational capacities may be severely reduced 
(NAWPC, 1999). Additionally, the existence of rules for conditions when temperatures 
are too low or winds are too strong limits the time workers spend outside and may 
therefore cause additional delays (Qualley, 1997).  
The most common dangers to air transport operations in the terminal area are wind 
hazards (wake vortices, crosswind, wind shear, microbursts, downbursts, turbulence, 
and gust fronts). The crosswind component is very important as a strong crosswind 
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may result in aborted landings, necessary changes in runway use, reduced arrival 
acceptance rates2, or even runway closure. Similarly, low-level winds (below 15,000 ft) 
often require greater aircraft spacing, which again results in reduced acceptance rates. 
Wind shear refers to a change in a head or tailwind component sustained for more than 
a few seconds and quicker than an aircraft can accelerate or decelerate, resulting in  a 
reduction in the ability of the aircraft to sustain lift  (ICAO, 2005c). The importance of 
wind shear to air transport lies in the fact that it can affect aircraft performance and 
hence it may have adverse effects on flight safety. Encounters with rapid changes in 
wind speed and direction below 1000 ft (low-level wind shear) impact efficiency, 
reducing capacity of an airport by causing delays and diversions. In addition, low-level 
wind shear is extremely dangerous and can cause the cancellation of takeoffs and 
landings (Qualley, 1997). Moreover, wind shear may impact ramp and taxiway 
operations and hence further reduce airport capacity.  
Microbursts also have a large impact on airport terminal operations. They are usually 
associated with thunderstorms and very hazardous to aircraft landing or taking off. 
Simply explained they refer to the presence of both vertical and horizontal wind shear. 
The presence of a microburst is dangerous to all types of aircraft, especially at low 
flight attitudes (Comet, 2005). Furthermore, failure to take into account variations in 
ambient temperatures in the airport area might lead to changes in flight and takeoff 
characteristics of an aircraft and therefore cause aborted takeoffs (NAWPC, 1999). 
The airport’s arrival acceptance rate is influenced by adverse weather and accounts for 
a substantial portion of air transport delays that are observed (Rodenhuis, 2004). For 
example, when cloud ceiling or visibility are reduced, the rate of departing and arriving 
aircraft is reduced by Air Traffic Control (ATC), and the arrival acceptance rate is 
lowered by between 50 and 75 percent3. Visibility is a crucial parameter for air transport 
operations. Clouds, air pollutants, smoke, sand or dust, snow and other forms of 
precipitation reduce visibility and influence air transport operations. Low visibility 
conditions can prevent aircraft from landing or takeoff if the visibility is below the 
                                            
2 The Arrival Acceptance Rate (AAR) determines the airport’s capacity and represents “the 
number of aircraft that an airport can accommodate for landing during a given time frame” 
(Comet, 2005). The maximum AAR is determined by the layout of the airport (including number, 
length, and separation of runways), by runway availability, and whether aircraft are making 
visual or instrument approaches. A critical factor in determining the availability of runways is 
wind while ceilings and visibility determine necessity of an instrument approach (Comet, 2005). 
3 Personal communication with Mr Paul Templeman, General Manager Luton Airport 
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approved operating minimum of an aircraft or aircraft operator. Generally, the most 
frequent causes for visibility restrictions are mist and fog. In addition, heavy 
precipitation, such as rain showers or heavy snow, may also cause low visibility and 
influence aircraft operations (ICAO, 2005a). One example of the considerable effects of 
low visibility conditions on air transport operations is the Heathrow disruptions due to 
fog in December 2006. During just a few days with a reduced rate of airport operations, 
several hundred flights were cancelled and many more were either diverted or delayed 
(BBC, 2006a and 2006b). 
Although weather impact is  strongest during takeoff and landing, weather conditions 
impact the enroute traffic as well. Similar to the adverse weather impact on the airport 
and terminal area, enroute traffic can accumulate delays. For example, thunderstorms 
and their convective hazards can lead to rerouting and diversions of flights (i.e. due to 
closed air routes) and thus increase operating costs and travel time (Kulesa, 2002; 
Qualley, 1997). Electrical discharge or lightning strikes usually associated with 
thunderstorms, present additional dangers to enroute flights. Lightning can puncture 
the skin of an aircraft and can damage radio communications and electronic 
navigational equipment. However, serious accidents due to lightning strikes are 
extremely rare (FSI, 2004). 
Furthermore, necessary rerouting may be caused by changes in engine efficiency and 
flight characteristics caused by enroute variations in temperatures (NAWPC, 1999). 
Due to low enroute temperatures, icing can occur on the aircraft in flight (in-flight icing). 
In-flight icing, besides its dangerous effect on a flight, has a major impact on the 
efficiency of flight operations (NAWPC, 1999). Pilots try to avoid conditions in which 
icing occurs, or upon encountering icing, they tend to ascend or descend to a different 
altitude where the temperature is warm enough to melt the ice (Comet, 2005). These 
rerouting and diversions en route cause late arrivals, delays, and increase fuel and 
other costs (NAWPC, 1999). 
Jet stream winds (i.e. narrow bands of strong winds) have additional significant impacts 
on fuel burn and on-time performance. Proper flight planning taking into consideration 
jet streams can save fuel. Overall, wind speed and direction can have a significant 
impact on flight times and trajectories. Total journey time can vary considerably due to 
the winds encountered. Tail winds can increase aircraft speed and hence decrease 
travel time. Alternatively, strong head winds can impact on journey times negatively, 
can lead to delays, diversions, and in extreme cases to accidents. In addition, large 
changes in the wind speed perpendicular to a flight route might significantly slow 
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aircraft crossing the route in either direction. In the vicinity of the jet stream, and usually 
associated with high-level wind shear, aircraft can experience non-convective 
turbulence. This type of turbulence, which occurs in relatively clear skies, where no 
clouds are present, is known as clear-air turbulence (CAT) (FAA, 2006). In addition to 
being very dangerous, CAT also has a great impact on the efficiency of air transport 
operations due to necessary rerouting and delays (Kulesa, 2002). 
2.3 Previous research 
The weather impact on air transport has been examined in various countries and for 
various airports (such as Hauf and Röhner, 2006; Evans, 1995 and 1997; Robinson, 
1989). As Sasse and Hauf (2003) point out, total delay during adverse weather has a 
strong dependence, in a non-linear way, on the number of affected aircraft and the 
airport throughput (the frequency of air traffic movements of the airport). Since the 
difference between demand and nominal capacity governs the efficiency of air 
transport operations, the impact of weather is not only determined by the weather 
phenomena themselves but also by the number of flight operations in that specific 
region.  
The existing weather impact studies have been predominantly in the US (Evans, 1995 
& 1997; Robinson, 1989), while similar studies in Europe are fewer in number (Sasse 
and Hauf, 2003; Hauf and Röhner, 2006) and in the UK virtually nil. In a case study of 
the thunderstorm weather impact at Frankfurt airport, it was found that approximately 
100 aircraft will be affected by a thunderstorm, lasting on average for three hours and 
causing a cumulative delay of 1000 minutes (Sasse and Hauf, 2003). Besides 
thunderstorms, the specific impact of winter weather has been studied for Frankfurt 
airport and compared with results achieved for Munich. A statistical linear regression 
model was developed and used for both airports that relates the daily punctuality of 
flights to local weather. It was found that “adverse weather correlates to a high degree 
with delays” (Hauf and Röhner, 2006). In a study for Vienna airport similar results were 
found. The study showed that days with adverse weather had five times more weather 
related delays compared to normal days (Hauf, Spehr, Peer and Röhner, 2005). What 
all these studies have in common is the fact that they show the significance and the 
degree of weather impacts on air transport in Europe. 
In addition, as pointed out by Hauf (2002), quantitative studies of the impact of weather 
on safety or efficiency are restricted to case studies which relate to either specific 
aspects of the problem or to particular countries. For example, White (1987) and 
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Robinson (1989) deal with the problem of better forecasting, which can save airlines a 
considerable amount of money. Evans (1995) examines the cost of delays in the US 
and concludes that 65 percent of total delay costs can be linked to adverse weather. 
Further, Lindsey (1998) shows that 22 percent of all US accidents had weather as a 
contributory cause. The German Air Traffic Control Authority reported that in December 
2001, weather contributed to approximately 70 percent of Air Traffic Management 
(ATM) delays at the three major German hubs (taken from Hauf and Röhner, 2006). 
All these examples of quantitative weather impact estimates show considerable 
differences and there is no global and complete picture of weather related costs. Hauf 
(2002) explains that the main reasons for this are the methodological problems. These 
are, as he explains, related mainly to the multiple causes of the delays and difficulty in 
attributing them to a single cause, and that the relative weight of one factor with respect 
to others is difficult or impossible to assess. Another problem he points out is that 
information about delays and their causes is only partially determined and often lost. 
Lastly, Hauf (2002) explains that delays propagate in a non-linear fashion and 
consequently are even more difficult to attribute to their primary cause.  
Although, altogether these problems lead to a limited view and perception of the 
weather’s impact on air transport, all estimates of its impact show that weather has a 
significant influence on air transport safety and efficiency. Additionally, estimates show 
that financial costs of delays are enormous (Hauf, 2002). Therefore, as stated by Hauf 
(2002) “the weather impact is a substantial problem in aviation and not a marginal one.” 
Since no similar studies have been conducted for the UK, the intention of this thesis is 
to investigate the weather impact in the UK focusing on weather-related delays and to 
present a case study of the weather impacts on one major UK airport (Heathrow). This 
is done in Chapter 6. The next section first gives a summary of the most important 
weather parameters affecting aircraft and airport operations together with their level of 
impact on safety and efficiency.  
2.4 Weather parameters and their level of impact 
As described in the previous section, adverse weather has a major impact on safety, 
efficiency and punctuality of air transport operations, but the level of impact of different 
weather parameters varies. Besides basic meteorological elements relevant for flying 
(pressure, density, wind, temperature and humidity) there are additional meteorological 
factors and phenomena that can influence air transport operations. These include 
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visibility, low clouds, precipitation, thunderstorms and associated hazards (such as 
icing, hail and turbulence). Table 2-1 gives a summary of the most important weather 
parameters and phenomena and their level of impact. More precisely, their level of 
impact in reducing safety and efficiency is rated with strong, moderate, or weak 
(adapted from Hauf, 2002). Based on this selection of weather parameters, Chapter 7 
presents an analysis of their impact on weather-related delays at Heathrow. 
Table 2-1. Adverse weather elements and their level of impact (adapted from Hauf, 2002) 
Adverse Weather Elements Level of Impact on Efficiency 
Level of Impact 
on Safety 
visibility low ceiling, clouds, fog, rain, haze, snow, dust, smoke strong strong 
ground de-icing4  strong strong 
in-flight icing freezing rain, freezing drizzle, in-cloud icing weak-medium strong 
wind 
strong wind, crosswind during 
take-off and landing, wind 
direction changes, wind shear 
strong medium 
storms thunderstorms, heavy rain, hail, icing, turbulence, lightning, shear strong strong 
turbulence CAT, in-cloud, atmospheric boundary layer, convection weak medium 
snow and ice 
snow and ice on runway, during 
take-off and landing, on wings and 
fuselage prior take-off 
medium medium 
2.5 Severe weather 
To address the second research objective, defined in Chapter 1, regarding the impact 
of severe weather on airport operations, it is necessary to clarify what weather 
conditions or phenomena can be classified as such. The definition of severe weather 
events is different in various parts of the world. The definition therefore, depends on the 
latitude, the altitude, the topography of the region, and the different vulnerabilities of 
different countries (World Meteorological Organization (WMO), 2004a). Since the 
definition is most often impact based, and is usually defined by local or regional 
thresholds, the set of severe weather phenomena is different in different geophysical 
environments (WMO, 2004b).  
                                            
4 Ground de-icing is not an adverse weather element; it is a consequence of adverse weather. 
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However, although the definition of severe weather events varies, severe weather 
terms can be grouped broadly into two categories. Category one includes severe 
events that are quite common globally and category two are events that are more 
localised (WMO, 2004a). In addition, thresholds of the general category differ from 
country to country and they are usually established by the National Weather Centres 
(WMO, 2004b). Overall, WMO (2004a and 2004b) suggested examples of this type of 
classification of severe weather events are presented in Table 2-2. 
Table 2-2. WMO Severe Weather Categorisation 
Category 1 - General severe weather Category 2 - Localized events 
Heavy rain Snow storms 
Strong wind/ wind gusts Dust/sand storms 
Hail Sea swell/ tsunamis/ storm surge 
Lightning Extended area of fog  
Tornadoes  
Flash floods  
Extreme temperature  
Overall, severe weather events can be explained as any destructive and extreme 
weather event or phenomenon, which represents “a real hazard (to human life and 
property)” (WMO, 2004a). The term is usually used to refer to severe thunderstorms 
and related phenomena, such as tornadoes, large hail, and downbursts (Severe 
Weather, 2006) 
Table 2-3 shows how severe weather events, due to which weather watches and 
warnings are issued, are classified in the USA (National Oceanic and Atmospheric 
Administration, 2007a and 2007b) and Canada (Environment Canada's Meteorological 
Service, 2006). The last rows in the table list severe events in the UK for which the UK 
Met Office issues warnings (UK Meteorological Office, 2006a). It has to be noted 
however, that Table 2-3 does not try to compare severe weather classifications 
between these countries. 
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Table 2-3. Weather watches and warnings in various countries 
Country Severe Weather 
USA 
• Severe local storms: These are short-fused, small scale hazardous 
weather or hydrologic events produced by thunderstorms, including large 
hail, damaging winds, tornadoes, and flash floods.  
• Winter storms: These are weather hazards associated with freezing or 
frozen precipitation (freezing rain, sleet, snow) or combined effects of 
winter precipitation and strong winds.  
• Other hazards: Weather hazards not directly associated with 
thunderstorms or winter storms including extreme heat or cold, dense fog, 
high winds, river flooding and lakeshore flooding. 
Canada 
• Convective severe weather: Severe thunderstorm including for tornado, 
funnel cloud, cold-core funnel, landspout, and waterspout. 
• Large scale: High heat and humidity or humidex, rainfall, freezing rain and 
drizzle, flash freeze, wind, dust storm, blizzard, blowing snow, snowfall, 
snowsquall, winter storm, windchill, arctic outflow, and frost.  
• Tropical: Tropical storm and hurricane and storm surge.  
• Other: Fog or smoke, and air quality. 
UK-MetOffice 
• Severe gales  
• Heavy rain  
• Heavy snow and icy road  
• Thunderstorms and lightning  
• Heat and sun  
• Dense fog 
2.6 Summary 
This chapter provided information on the impact of current weather phenomena on the 
air transport system and explained ways through which the system may be affected by 
adverse weather conditions. The chapter further informed about the sector sensitivity to 
weather and weather changes, and the impact on operations during takeoff and 
landing. Although the weather impact on safety, efficiency and punctuality of air 
transport operations is unquestionable there is no known research on the subject in the 
UK. Moreover, the assessment of current impact of weather conditions is important in 
order to properly address the impact of changing weather in the future. This approach 
enables a complete understanding of sector vulnerabilities. Since this chapter covered 
the knowledge regarding present weather, the next step is to present the current level 
of knowledge regarding possible climate change implications on the air transport 
system in the future. In other words, the next chapter explains how changes in weather 
patterns, due to changing climate, can impact the sector in the future. 
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3 Climate change and air transport 
The previous chapter discussed the ways in which current weather impacts on the air 
transport system and explained the ways through which the system may be affected by 
adverse weather conditions. The question remains how changes in weather patterns, 
due to changing climate, will impact air transport in the future. Therefore, the aim of this 
chapter is to present the current level of knowledge regarding possible climate change 
implications on the air transport sector. In order to fully comprehend the impact that 
changing climate may have on air transport, it is necessary to describe the ways in 
which future weather may change. For this reason, this chapter covers several distinct 
areas. This chapter starts with a definition of climate change used in this research and 
an overview of the future climate change scenarios (global and regional). More 
precisely, this section describes expected changes in future weather. The chapter 
continues with a discussion on possible effects of changing climate on the air transport 
system. This includes an outline of the existing information of expected impacts of 
climate change on the environment and the economy regarding transport, largely 
based on existing reviews, research and studies within and outside the region. This is 
followed by an explanation of feedback responses and this section covers several 
issues. First, a short overview of ways in which air transport contributes to climate 
change with an emphasis on emissions of carbon dioxide is given. This is followed by a 
discussion on policy measures with an aim to reduce or restrict further impact of air 
transport on climate change. The section concludes with an explanation of how 
changes to air transport, due to changing climate, will change how the sector further 
contributes to climate change. The chapter concludes with a short summary. 
3.1 Climate change 
The common definition of climate refers to the average of weather. However, the 
definition of the climate system must cover the broader geophysical system that 
interacts with the atmosphere and weather (IPCC, 1999). For the purposes of this 
research, climate change will be considered as a “change of climate which is attributed 
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directly or indirectly to human activity that alters the composition of the global 
atmosphere and which is in addition to natural climate variability over comparable time 
periods” (IPCC, 1999). In addition, special interest will be made with respect to regional 
changes in temperature and weather patterns. The next section gives a short overview 
of future climate scenarios from the IPCC, explaining how weather is expected to 
change in the future. 
3.1.1 Future climate scenarios 
In 2000, the IPCC approved a new set of emission scenarios presented in the IPCC 
Special Report on Emission Scenarios (SRES). Those scenarios are all plausible 
descriptions of socio–economic trends that could affect future emissions of greenhouse 
gases. Based on these scenarios the IPCC has produced and published their newest 
climate change assessment report in 2007. The part of the Fourth Assessment Report 
by IPCC prepared by Working Group II gives some details concerning expected 
impacts of climate change, including in Europe. Alcamo et al. (2007) state that for all 
scenarios, precipitation is generally expected to increase in northern Europe, and 
decrease further south. It also emphasises that the change in seasonal precipitation is 
expected to vary substantially from season to season and across regions. Giorgi et al. 
(2004) state that during the winter months, enhanced precipitation (by up to 15-30 
percent) can be expected over much of western, northern, and central Europe, due to 
increased Atlantic cyclonic activity. Both Giorgi et al. (2004) and Räisänen et al. (2004) 
find that precipitation during the summer season will decrease substantially. In addition, 
small changes are expected during spring and autumn (Kjellström, 2004, Räisänen et 
al., 2004). Furthermore, from regional simulations it is predicted that the mean annual 
wind speed will increase over northern Europe by about 8 percent and decrease over 
Mediterranean Europe (Räisänen et al., 2004; Pryor et al., 2005). Regarding extreme 
winds, Rockel and Woth (2007) and Leckebusch and Ulbrich (2004) predicted an 
increase in extreme wind speeds for western and central Europe, whilst Beniston et al. 
(2007) state that extreme wind speeds are expected to increase in the area between 
45°N and 55°N. 
3.1.2 Future UK Climate Scenarios 
In addition to these global climate scenarios, the UK Climate Impacts Programme 
(UKCIP) and the Hadley Centre developed scenarios identifying the likely national and 
regional changes in the UK climate within the next 20 years and up to the turn of the 
century. The UKCIP has published four scenarios (Low emissions, Medium-Low 
emissions, Medium-High emissions and High emissions) of future climates for the 
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2020’s, 2050’s and 2080’s at a resolution of 50 km2. The most recent UKCIP scenarios 
published in 2002 (UKCIP02) describe how the climate of the UK land area may 
change in the 21st Century. They also offer information about changes in extremes of 
weather and they are explicitly linked to the four most widely used SRES storylines 
(B1~Low Emissions, B2~Medium-Low Emissions, A2~Medium-High Emissions, 
A1F1~High Emissions) (Hulme et al., 2002). 
The expected impacts of climate change on the UK relevant to this thesis can be 
summarised as follows: 
• The UK climate will become warmer between 1 - 2 Celsius degrees by 2050 
and by up to 3.5 degrees by the 2080’s. In addition, some parts of the South-
East can expect warming by as much as 5 degrees in summer (Hulme et al., 
2002); 
• More frequent higher summer temperatures are expected while very cold winter 
days will become increasingly rare (Hulme et al., 2002); 
• Winters will become wetter and summers may become drier across all of the 
UK (Hulme et al., 2002); 
• Daily maximum temperatures of 33 Celsius degrees, which occur about 1 day 
per summer in the South-East in today’s climate, could occur 10 days per 
summer by the 2080’s (Hulme et al., 2002); 
• Snowfall amounts are expected to decrease throughout the UK (Hulme et al., 
2002); 
• Heavy winter precipitation (rain and snow) is expected to become more 
frequent, however the amount of snow may decline by 60 percent or more in 
parts of Scotland and up to 90 percent elsewhere by the 2080’s (Defra, 2004) 
• The largest relative changes will be in the south and east of the country where 
summer precipitation may decline by up to 50 percent by the 2080’s (Hulme et 
al., 2002).  
• Storminess may increase during the winter (Defra, 2004). 
Overall, what this means in practice, in terms of possible climate change impacts on 
transport is that the weather phenomena, which cause these impacts, will happen more 
often, and the extremes will become more intense. The next section gives an overview 
of the possible implications of changing climate on the UK air transport sector. 
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3.2 Potential implications of climate change on UK air 
transport 
As stated in Chapter 1, the impact of air transport on climate change has been 
extensively studied and it is well documented. In the past decade numerous research 
reports have been published that emphasise the importance of air transport impact on 
climate change. However, there is only a limited number of research dealing with 
problems of possible impacts of climate change on transport in the UK (such as 
London Climate Change Partnership, 2002; Mayor of London, 2005), and none when it 
comes to air transport in particular. Most studies address the environmental and socio-
economic problems while direct operational problems are somewhat neglected or very 
briefly covered within economic aspects. In addition, none of these studies have made 
any climate change impact estimate beyond a very limited and brief qualitative 
assessment. 
The primary conclusions from the Rail Safety and Standards Board report (2003) 
concerning the UK railway system are that more intense winter rainfall, and extreme 
events at other times of the year are expected to increase the risk of flooding and 
hence impact the transport system. The same report mentions the significance of the 
anticipated increased occurrence of high winds. The London Climate Change 
Partnership report (2002) gave a short explanation of the possible impact of London’s 
changing climate on air transport, stating that the expected reduction in frequency of 
winter snowfall and frost could result in reduced time and disruption costs as fewer 
flights are disrupted. It is assumed that this will be associated with a reduction in 
associated cold weather aircraft and runway infrastructure costs (e.g. decrease in de-
icing procedures, redundancy of airport winter equipment, etc.). Reduced frequency of 
occurrence of frost and snow will also reduce maintenance and treatment costs (Defra, 
2004). However, the Climate Change Partnership report (2002) estimates that in winter 
months there may be more disruption from storm events (with high winds and 
increased lightning frequency). This suggests a possible increase in air traffic delays, 
cancellations or diversions. 
Overall, the likely increase in extreme weather events, as a possible impact of climate 
change on transport, has been cited by several reports (i.e. London Climate Change 
Partnership, 2002; Defra, 2004; Mayor of London, 2005). It is said that these events 
may cause flooding, particularly of underground rail systems and roads with inadequate 
drainage. Increased flooding during winter however, may affect all modes of transport. 
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In addition, high winds may affect the safety of air, sea and land transport, while 
intense rainfall can also have negative impacts on road safety (Alcamo et al., 2007).  
As discussed in Wilbanks et al. (2007), climate change may disrupt transport activities 
that are important to national supplies, travellers, and international trade. For example, 
extreme events may temporarily close ports or transport routes or damage transport 
infrastructure (Wilbanks et al., 2007). Therefore, increases in the frequency or 
magnitude of extreme weather events could amplify the costs to aircraft operators and 
airport authorities ranging from closed runways, flight delays and cancellations, and 
other interruptions of air transport activities. 
The UK Department for Transport (DfT) on their website gives a list of concerns related 
to air transport and changing climate, however, it provides no impact assessment. They 
list various physical impacts of the changing climate (i.e. possible problems including 
subsidence, flooding, and drainage), as well as some operational issues. Issues 
specific to air transport include (adapted from DfT, 2006b):  
• Expected higher temperatures will reduce the density of the air, thus increasing 
the fuel needed for take off. In some limited cases, the runway length available 
for take off of old aircraft with full payloads may not be adequate. In other 
words, this means that in practice these flights will be forced to operate at 
slightly less than full capacity. However, as the climate changes, issues about 
runway length are likely to become less of an issue: new aircraft are designed 
to take off more effectively; 
• Deformation of runways due to high temperature is unlikely to be a safety issue. 
Asphalt used for runways is much denser than that used for motorways and 
less likely to deform; 
• Travel patterns are also likely to change as the south of England becomes more 
Mediterranean in climate. 
These issues are however, out of the scope of this thesis. In addition, Eurocontrol 
(2007) gives examples of possible direct or indirect impacts of climate change on air 
transport. These impacts may be connected with (Eurocontrol, 2007a): 
• “More severe weather patterns (winds, storms and visibility) affecting capacity 
or efficiency; 
• Changing wind directions affecting runway configuration; 
• Shifting route-demand patterns due to changes in preferred destination; 
• Water shortage constraining airport development; 
• Sea level rises affecting low lying airports; 
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• Changes to winterisation requirements; 
• The suppression of demand phenomenon caused by major catastrophe; 
• Economic burden caused by climate change may reduce potential disposable 
income and hence the inclination to travel.” 
This thesis however, as explained in Chapter 1, focuses on climate impacts that may 
be connected with severe weather patterns (strong winds, storms or low visibility 
conditions) affecting capacity or efficiency of the overall system, especially airport 
operations. More precisely, this thesis examines the impact of changing UK weather 
conditions that may influence large system disruptions such as flight cancellations and 
diversion and sometimes even possible airport closure. An assessment of the impacts 
of future weather conditions on the air transport system is presented in Chapter 7. 
3.3 Feedback responses 
This research is concerned with the possible implications of climate change on the UK 
aviation sector and the feedback mechanisms associated with it. Therefore, it is 
necessary to briefly explain relevant feedback responses. This section starts with a 
short overview of ways in which air transport contributes to climate change with an 
emphasis on carbon dioxide (CO2) emissions. This is followed by a discussion of 
climate change mitigation policies. This section ends with a discussion on how sector 
adjustments to extreme weather events and changing climate conditions could in turn 
influence the future climate impact of air transport.  
3.3.1 The impact of air transport on climate 
Aircraft emissions of gases and particles directly into the upper troposphere and lower 
stratosphere impact atmospheric composition and hence the climate. These gases and 
particles alter the chemical composition of the atmosphere in a variety of ways, both 
directly and indirectly. Direct effects of aircraft emissions result from the emissions of 
CO2, water vapor (H2O), nitrogen oxides (NOx), particulates (mainly soot), sulphur 
oxides (SOx), carbon monoxide (CO), and various hydrocarbons (HCs). In addition, 
some of these emissions react with other molecules in the atmosphere. These indirect 
effects include production of O3, alteration of methane (CH4) lifetime, formation of 
contrails, and cirrus cloudiness (IPCC, 1999).  
Research into the potential effects of aviation on the upper atmosphere was 
synthesized in a special report of the IPCC, Aviation and the Global Atmosphere 
(IPCC, 1999). The IPCC report was a landmark in the discussion of the effects of air 
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transport on the global atmosphere. It also gave an estimate of radiative forcing (i.e. 
measure of climate change) from various aircraft emissions and their effects. Besides 
the IPCC report, other assessments and syntheses have been made. Several 
assessments of the impacts of air transport in Europe and the United States of America 
(USA) are available (Stolarski et al., 1995; Friedl et al., 1997; Schumann et al., 1997; 
Brasseur et al., 1998; Rogers et al, 2002; Schumann, 1994). The impact of air transport 
on climate was also analysed briefly in the IPCC’s (2001) Third Assessment Report. 
These results have been updated by Sausen et al. (2005) based on a recent European 
Commission (EC) research project, TRADEOFF. The research since the IPCC 
assessment (1999) has been largely concentrated on affects relating to contrails and 
cirrus enhancement, although not exclusively. This can be explained by the fact that, at 
present, the largest aircraft radiative forcing of climate is thought to be through CO2, 
NOx, and contrail and cirrus formation, with the largest uncertainties associated with 
contrail and cirrus effects. Much of this research is still underway. 
The impact of air transport on the climate combines with that caused by other 
anthropogenic greenhouse gas emissions and particulates, and also by natural 
variability. It is therefore not possible to separate the effect of air transport on climate 
change from that of all other anthropogenic activities. It is assumed, however, that air 
transport's contribution to climate change is roughly proportional to its contribution 
towards radiative forcing (IPCC, 1999). The effect of the air transport impact, which is 
within the scope of this study (CO2), is explained and quantified below to provide a 
detailed effect analysis. There are several reasons behind limiting the scope of this 
study to CO2 emissions. First of all CO2 impacts have a long lifetime relative to NOx and 
contrail. Second, the impacts of NOx and contrail depend largely on location/altitude 
and background conditions, and therefore are difficult to assess. Moreover, there is a 
link in broad terms, between CO2 reductions and NOx reductions for operational 
measures such as direct routing. Finally, the policy focus so far has been on reduction 
of CO2 emissions. 
Due to the uncertainty of the effects of certain emissions it is difficult to predict the long-
term effect of air transport emissions. In addition, climate policies regarding the 
reduction or limitation of air transport impact on climate change will affect future 
emission scenarios. Nevertheless, the current trend of air traffic growth will mean that 
the amount of emissions in the atmosphere will increase drastically. The IPCC report 
(1999) featured different models of air traffic growth, including high growth, normal 
growth and low growth scenarios. However, it has to be noted that the reference 
Chapter 3  Climate change and air transport 
  28 
scenario used by IPCC had a traffic growth of 3.1 percent per annum that is less than 
that seen in the last decade. For example, UK air transport has experienced a 6.6 
percent annual growth rate in total domestic and international traffic between 1985 and 
1998 (ATAG, 2000) and 8 percent between 2003 and 2004 (DfT, 2006b).  
The possible effects that the projected increase in traffic will have on the environment 
and some of the possibilities we are facing are listed below. However, with the current 
uncertainties over the effects of many emissions, estimates for 2050 are far from 
accurate. Issues relevant to this research with 2050 set as a target date are as follows 
(adapted from IPCC (1999) and GAO (2000)): 
• The radiative forcing caused by air transport may increase from 3.5 percent of 
total radiative forcing at present to as high as 15 percent of the total. 
• The earth’s average temperature could rise by approximately 1.6 Celsius by 
2050, of which 0.09 degrees would be attributable to air transport. Regional 
temperature rises could differ greatly from the global mean.  
• It is estimated that air transport CO2 emissions in 2050 may represent as much 
as 3-11 percent of manmade CO2 emissions compared to 2-2.5 percent today. 
In addition, in order to highlight the UK White Paper’s low priority to the anticipated 
environmental impacts of air transport expansion, Upham (2003) shows that with the 
recommended expansion by 2020, over a quarter of the UK’s CO2 emissions could be 
due to air transport alone. While in 2000, aviation was responsible for 6 percent of UK 
emissions. The conflict between the UK’s current climate and air transport policies has 
been analysed and presented in the recent paper by the Tyndall Centre for Climate 
Change (Bows and Anderson, 2007). Analysing the UK Government’s projections of 
emissions from air transport and other sectors, their research shows how aviation could 
increasingly become a dominant emissions source.  
3.3.1.1 Carbon-dioxide (CO2) 
Carbon dioxide (CO2) is the major greenhouse gas contributing to anthropogenic 
climate change and air transport is one of the fastest growing sources globally. The 
amount of CO2 formed from the combustion of aircraft jet fuel is determined by the total 
amount of carbon in the fuel. Every mass unit of fuel burned produces approximately 
3.15 mass units of CO2. The CO2 is an unavoidable end product of the combustion 
process. CO2 contributes to the warming of the Earth’s atmosphere by retaining part of 
the solar radiation reflected off the Earth’s surface. Overall, the way CO2 behaves 
within the atmosphere is relatively simple and well understood today.  
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Global air transport used 188 million tonnes (Mt) of fuel in 2004 (Kim et al. 2005), 
emitting 592 Mt of CO2. In that year, global CO2 emissions from fossil fuels were 29000 
Mt (Marland et al. 2007), giving an air transport share of two percent. In the UK, the 
share is 6.9 percent (Defra, 2007). With worldwide growth in air transport estimated at 
five percent per year, this share of total CO2 emissions is likely to grow despite 
improvements in efficiency, particularly if other industry sectors are constrained. The 
research into the potential impacts of continuing current levels of growth in the UK’s air 
transport industry on other sectors of the economy, indicates that under current 
stabilisation profiles all other sectors of the economy “will need to significantly, possibly 
completely, decarbonise by 2050 if the respective carbon-reduction target is not to be 
exceeded” (Bows, Anderson and Upham., 2005). 
However, as mentioned before, when non-CO2 effects (such as NOx and contrail-cirrus) 
are considered, air transport’s share of anthropogenic climate impact (as measured 
using radiative forcing) is even higher. IPCC (1999) estimates that the radiative forcing 
of air transport as a whole is two to four times greater than the radiative forcing of CO2 
alone. This estimate means that CO2 makes up only about one-third of forcing from air 
transport emissions.  
In the context of this research, as discussed in Chapter 1, any factors influencing the 
efficient use of fuel will alter the amount of emitted CO2. Wind speed and direction can 
have a significant impact on flight times and trajectories, and hence on the fuel 
required. The first research objective addresses the impact of the future wind field on 
CO2 emissions by aircraft. This issue will be addressed in Chapter 5. 
3.3.2 Climate policy 
Policy regarding air transport and climate change is still being considered, particularly 
by the European Union (EU). In addition, some larger airports (for example Manchester 
Airport) have had national emissions obligations imposed. Similarly, aircraft engines 
are already subject to International Civil Aviation Organisation (ICAO) standards. The 
ICAO standards limit the emission of CO, unburned HC and NOx from large turbo-jet 
and turbofan engines intended for subsonic propulsion and they are based on an 
aircraft’s landing and take-off (LTO) cycle (ICAO, 2005). However, these emissions 
standards are not aimed at reducing fuel use and hence CO2 emissions. 
In accordance with Articles 4 and 12 of the United Nations Framework Convention on 
Climate Change (UNFCCC), Parties to the Convention submit national greenhouse gas 
inventories to the Climate Change Secretariat. These inventory data are provided in the 
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national communications under the Convention by Annex I and non-Annex I Parties. 
Emissions from international air transport and marine transport are not included in total 
emissions, but these estimates are reported as memo items in national greenhouse 
gas inventories (UNFCCC, 1992). Similarly, international air transport emissions are 
not included in national emission targets established in the Kyoto Protocol (UNFCCC, 
1998). Total international air transport fuel sales in each country are reported 
separately (as bunker fuels), but there is no agreed allocation procedure to attribute the 
associated CO2 emissions to national totals and bring them within national targets for 
emission reduction. The protocol calls upon developed countries to seek ways to 
reduce or control emissions from international air transport through the ICAO 
(UNFCCC, 1998), but agreements have yet to be reached. In the context of national 
progress towards Kyoto targets, it is important to have a clear understanding of the 
total contribution of air transport, not just domestic flights, to ensure that policy priorities 
can be fairly assessed.  
A variety of policy measures have been considered to address the climate impacts of 
air transport, both globally and by the EU. CO2 is the easiest indicator of environmental 
performance of a flight to consider, as emissions to the atmosphere are proportional to 
fuel consumption and their impacts are independent of the location or time of emission, 
making it possible to make comparisons with emissions and impacts from other 
transport modes and from non-transport sources. CO2 has been the primary focus of 
policy proposals so far. Currently, the European Commission (EC) is moving forward 
with proposals to bring international air transport into the European Emissions Trading 
Scheme (ETS). This will require increased accuracy in assessing baseline emissions 
for air transport by country and for both domestic and international flights. 
Although, at this moment it is not possible to predict the nature or extent of the eventual 
policy response, options being considered for European application include emissions 
trading, restrictions, and fuel surcharges. Other potential policy factors as stated by 
Eurocontrol (2007a) could include: 
• “Greater stimulus for imposed and demonstrable operational improvements 
such as efficiency, and climate optimised routes; 
• Greater impetus for framework changes that optimise the use of existing 
capacity (airspace and aircraft); 
• Greater emphasis on inter-modality especially for mainland short haul routes; 
• The necessity to safeguard air transport for society through restrictions 
elsewhere.” 
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However, beside the need to have a clear and full picture of air transport’s influence on 
the environment it is still necessary to consider possible impacts of changing climate on 
the sector in order to introduce appropriate measures. Only then, can the effects of 
different policy, technology, and operational scenarios be predicted and evaluated. 
3.3.3 Further contributions due to climate change 
As mentioned before, climate policies for mitigation of air transport’s impact on climate 
change will affect future emission scenarios, and hence the magnitude of air transport’s 
impact on climate change. In addition, an overall temperature increase may reduce 
contrail coverage. However, results of the TRADEOFF project, which investigated 
future development of line-shaped contrails, while considering changes in air traffic, 
aircraft technology, as well as climate change, suggest an increase in contrail cover 
and radiative forcing by roughly a factor of 4 between 1992 and 2050. The same 
research additionally implies that from a climate change point of view contrails are less 
important than thought some years ago (Marquart, Ponater, Mager and Sausen, 2003), 
although contrail induced cirrus cloud formation could potentially have even larger 
impacts (Stordal et al., 2005)  
Nevertheless, changes to air transport, due to changing climate, may change how the 
sector further contributes to climate change as well. The adaptation of the sector to 
changing climate may impact its share of CO2 emissions. For example, possible 
changes in wind field patterns can influence the efficient use of fuel, and hence alter 
the amount of emitted CO2. In addition, large system disruptions caused by severe 
weather (such as a short airport closure) can have additional impacts on CO2 
emissions. More precisely, the amount of CO2 emitted will be altered by additional fuel 
consumption by keeping a large number of aircraft in long holds or by diversions to 
alternate airports. 
Nonetheless, as indicated in Chapter 1, such feedback responses have not been 
previously addressed in the literature. In this thesis these issues will be addressed in 
Chapters 5 and 8. 
3.4 Summary 
This chapter presented a review of the current knowledge regarding possible 
implications of climate change on air transport. Expected changes in weather patterns 
and feedback mechanisms through which air transport affects climate change are also 
explained. The UK climate is changing and its variability may possibly impact air 
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transport in the future. The future climate scenarios suggest more frequent heavy 
winter precipitation (rain and snow) and increased storminess during the winter. This 
means, in terms of possible climate change impacts on transport that the weather 
phenomena, which cause these impacts, will happen more often, and the extremes will 
become more intense. In other words, increases in the frequency or magnitude of 
extreme weather events could amplify the costs to the UK air transport sector due to 
large system disruptions in terms of flight delays, cancellations and diversions and 
sometimes even possible runway or airport closures. In addition, changes in the future 
wind field may alter the amount of emitted CO2 by aircraft. In general, the framework in 
which future weather patterns may impact UK air transport will have an important role 
in sector adjustments as well as future policy solutions. However, there are no studies 
that estimate possible climate change impacts on air transport in the UK beyond very 
limited and brief qualitative assessments. Therefore, this thesis will assess the impact 
of changing weather on air transport in the UK. The first research objective, concerning 
the impact of wind field changes on aircraft’s CO2 emissions, is addressed in Chapters 
4 and 5. The subsequent chapters (Chapter 8 and 9) cover issues regarding weather 
impacts on the air transport system, including severe weather system disruptions 
(measured through various economic measures) and climate variability impact on the 
frequency of air traffic delays respectively. 
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4 Estimates of UK CO2 emissions from air transport - 
Base Case scenario 
The overall objective of this thesis is to analyse impacts of climate change on UK air 
transport and the possible feedback mechanisms associated with it. In order to address 
research questions defined in Chapter 1, it is necessary to produce a reference UK 
Base Case emission scenario. In other words, the aim of this chapter is the estimate of 
CO2 emissions from the aviation sector in the UK at present.  
This chapter addresses the problem by developing and validating a methodology to 
allocate emissions to specific sources using detailed air traffic data. The basis for the 
calculations is an air traffic sample that represents one full-day of UK air traffic. In order 
to analyse aircraft fuel burn and hence CO2 emissions, the Reorganized Air Traffic 
Control Mathematical Simulator (RAMS Plus) and the Advanced Emission Model (AEM 
III) are used. The results from these detailed simulations have been compared with two 
of the most widely-used aviation CO2 emissions estimates to have been made for the 
UK: the SERAS study and the NETCEN estimate. In addition, emission estimates are 
compared with two global aviation emission inventories as well: AERO2K and SAGE. 
The chapter concludes with a discussion of different methodologies and their 
implications. Most important, by comparison with other estimates this chapter provides 
a validation of the simulation methods used in other parts of this dissertation. 
4.1 Background to the problem 
Several air transport CO2 emission estimates have been provided for the UK in the past 
few years. The National Environmental Technology Centre (NETCEN) estimated that in 
2000, UK air transport accounted for 31.4 million tonnes (Mt) of CO2 emissions, of 
which 2.9 Mt CO2 were emitted by domestic flights (DfT, 2003b). Figures produced by 
Halcrow for the UK Department for Transport (DfT) in the South East and East of 
England Regional Air Services Study (SERAS) showed total air transport related CO2 
emissions of 26.1 Mt for the year 2000 (DfT, 2003b). In addition, two global emission 
inventories for aviation give their own estimates for the UK. The System for Assessing 
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Aviation’s Global Emissions (SAGE) project estimated that in 2004 UK air transport 
accounted for 36.7 Mt of CO2 emissions. The estimate produced by the European 
Commission (EC) Fifth Framework Programme project - AERO2K estimated that in 
2002 air transport was responsible for 27.2 Mt of CO2 emissions.  
In order to assess findings from different emission estimates this chapter presents a 
new estimate using an alternative calculation method. In addition, comparison of 
results with other estimates can provide validation of simulation methods used in this 
thesis and justify use of RAMS Plus and AEM III for further analysis (i.e. Chapter 5 and 
8). Therefore, the first step to investigate the climate impact of air transport (in terms of 
CO2 emissions) and the influence of changes in future wind field patterns on CO2 
emissions (i.e. to assess research objective 1) is to create a Base Case emissions 
scenario. The detailed methodology is presented in the next section.  
4.2 Methodology 
4.2.1 Allocation problem 
Anthropogenic greenhouse gases, including CO2, must to be allocated to individual 
countries if fully-inclusive national targets for emissions are to be set under the 
provisions of the Kyoto Protocol. The allocation of air traffic emissions to each country 
is a non-trivial task and different approaches might give different baseline estimates.  
For example, using kerosene sales data would miss the effects of “economical 
tankering”, whereby aircraft are fuelled where kerosene is cheaper making it 
unreasonable to allocate emissions on the basis of kerosene sales in a given country. 
This could also create a perverse incentive in actually increasing some emissions by 
carrying more fuel on a flight than is optimal.  
Measuring fuel consumption by airline and allocating based on the country in which the 
airline is registered creates further problems. Most airlines operate internationally and 
within Europe, national ownership distinctions are increasingly blurry.  This will be 
further compounded with increased access of carriers from different countries and 
cabotage rights being allowed to foreign carriers. Additional complications could occur 
if emissions were allocated based on the residency of the passengers; while feasible, 
the administrative complications would likely be more complex. 
In summary, several approaches that have been proposed so far are as follows: 
• Territorial Approach: All emissions from flights over the national territory are 
considered, including flights that only cross a country. Flights over international 
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territories (e.g. oceans) are not recorded by this method. 
• Sales Approach: Import, production and export of kerosene in a country is 
registered. However, due to “economical tankering” (carrying more fuel than 
required for a journey to avoid refuelling in locations with higher fuel cost), 
kerosene consumption by aircraft can be underestimated in the official 
statistics. 
• Flight Schedule Approach: All flights and resulting fuel consumption originating 
from a country are calculated based on the schedule of air traffic movements. 
• National Airline Approach: Only the air traffic of nationally registered airlines is 
added to the total international air traffic by a country. 
As explained previously, by definition, some of these approaches raise problems in 
calculating country specific air traffic. The resulting emissions obtained by the different 
approaches differ considerably. Most estimates have based their calculations on actual 
flights within and departing (or entering) a given country. This poses the question of 
where to draw the boundary for departing and entering flights. The simple solution is to 
base estimates only on departures.  While entering flights would not be counted by the 
country which they are entering, their emissions would be allocated to the country from 
which they departed. Given that there is a balance in flows between countries, this 
would capture all emissions and allocate them fairly to each country. This is the agreed 
approach used by most estimates and which is applied in this chapter. In other words, 
the Flight Schedule Approach, where emissions are calculated for all domestic flights 
and for departing international flights, is applied. By considering all departing aircraft, 
this approach is conceptually consistent with estimates using a Sales Approach, but 
avoids the uncertainty associated with potential tankering. 
4.2.2 Data and tools 
Two models have been used to analyse fuel burn use and hence CO2 emissions: the 
Reorganized Air Traffic Control Mathematical Simulator (RAMS Plus) and the 
Advanced Emission Model (AEM III). RAMS Plus simulates the four dimensional profile 
of each flight as a series of events. A detailed flight profile is obtained from the UK 
National Air Traffic Services (NATS), describing the operation of the aircraft at each of 
these events. This allows the fuel burn for each element of the journey to be calculated. 
Each kg of aircraft kerosene is assumed to result in the emission of 3.15kg CO2. In 
addition, the AEM III model has been used for its capability to simulate segments of the 
flight trajectory outside of the air traffic simulation zone. 
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4.2.2.1 The RAMS Plus Simulation Model 
The RAMS ATC Simulator Tool1 is a fast-time discrete-event simulation software 
package providing functionality for the study and analysis of airspace structures, Air 
Traffic Control (ATC) systems, future ATC concepts, and Air Traffic Management 
(ATM) procedures (ISA, 2006). The RAMS Plus can be used to evaluate the impacts of 
changes in air traffic procedures on flight profiles and on controller workload. The 
objective of RAMS Plus is to model a wide range of ATC concepts, producing analytical 
results in a short period of time, reducing the time for data preparation and thus 
allowing more time for comparative analysis. The results of this simulation modelling 
offer insights to ATM planning and organisational proposals, ranging from high-level to 
in-depth scenarios. The RAMS Plus provides a comprehensive range of ATM fast-time 
simulation capabilities and in addition, allows the modelling of future operational 
concepts.  
To simulate a specific airspace data must be obtained and specified on the location of 
sector boundaries, airports, and navigation aids (navaids). The ATC sectors may be 
specified in four dimensions, allowing variations in the sectorisation over time to be 
incorporated. Routes are defined according to the sequence of navaids to be used. As 
a result, analysis of a specific air traffic sample, with specified departure and 
destination airports and simulation entry times is possible.  
The model simulates the four dimensional profile of each flight and may be used to 
quantify the associated fuel consumption of the flight history. As a detailed flight profile 
is obtained, describing the operation of the aircraft at each of these points throughout 
the flight, the fuel burn amount for each element of the journey can be calculated. This 
then allows evaluation of the emitted CO2. The RAMS Plus uses Base of Aircraft Data 
(BADA) an aircraft performance database to calculate each flight’s fuel burn.  
4.2.2.2 Base of Aircraft Data (BADA) 
BADA is an aircraft performance database, which is maintained and developed by the 
Eurocontrol Experimental Centre (EEC). The main application of BADA is trajectory 
simulation and prediction within the domain of ATM (Nuic, 2004). The BADA (current 
version, BADA Revision 3.6) provides performance and operating procedure 
                                            
1 For further information contact RAMS Plus Support, ISA Software, ramssupport@isa-
software.com 
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coefficients for 295 different aircraft types. The coefficients include those used to 
calculate thrust, drag and fuel flow as well as those used to specify nominal cruise, 
climb and descent speeds. The User Manual for Revision 3.6 of BADA (Nuic, 2004) 
provides definitions of each of these coefficients.  
For 91 aircraft types, known as “directly supported aircraft”, data has been developed 
using reference sources such as Flight Manuals and Operating Manuals. For the other 
204 aircraft types, the data is specified to be the same as one of the 91 directly 
supported aircraft. Overall, taking into account both the directly and indirectly supported 
aircraft, BADA provides 99.14 percent coverage of European air traffic (Nuic, 2004). 
4.2.2.3 Advanced Emissions Model – AEM III 
The Advanced Emissions Model2 has been developed at the EEC to estimate aviation 
emissions and fuel burn. It is a stand-alone system used to estimate aviation emissions 
(CO2, H2O, SOx, NOx, HC, CO, Benzene, Volatile Organic Compounds (VOC), Total 
Organic Gases (TOG)) and fuel burn. In addition, AEM III can analyse flight profile data 
for air traffic scenarios on a flight-by-flight basis. The model can be used for variety of 
studies that range from local studies around airports to global emissions studies from 
air traffic within large areas (AEM, 2003). 
To ensure the best possible estimates, the AEM III model uses data provided from 
external data agencies (aircraft, aircraft engines, fuel burn rates and emission indices). 
This system information is combined within the model with input data, represented by 
the air traffic flight profiles. The model uses flight profile information (such as the output 
by RAMS Plus) to calculate information about fuel consumption and emissions 
produced. It uses the ICAO Engine Exhaust Emissions Data Bank to calculate fuel burn 
below 3000 ft. These calculations are based on Landing and Take-Off Cycle (LTO) 
defined by the ICAO Engine Certification specifications. The ICAO Data Bank contains 
data about emissions and fuel flow for a large number of aircraft engines.  
Furthermore, for calculation of emissions and fuel burn use above 3000 ft, AEM uses 
the Eurocontrol Base of Aircraft Data (BADA Revision v3.5) and an improved version 
(EEC-BM2) of the Boeing Method 2 (BM2) (AEM, 2003). BADA Revision v3.5 is an 
older version of the aircraft performance database than the one used in RAMS 
                                            
2 For further information contact Frank Jelinek, EUROCONTROL, frank.jelinek@eurocontrol.int 
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Plus. The changes made to BADA Revision 3.6 since the previous release, 
Revision 3.5 include five new modelled aircraft and 10 re-modelled aircraft 
performances (Nuic, 2004). The BM2 method calculates emissions based on fuel 
flow and ICAO data.  These are calculate for the four certified power settings at sea-
level static conditions and are used to calculate resulting emissions of the full range of 
power settings while correcting for atmospheric conditions (King and Waitz, 2005). 
Overall, the BM2 is accepted and widely used for calculating flight emissions. In 
addition, the BADA database provides altitude and attitude dependent performance 
and fuel burn data for more than 200 aircraft types. Emission calculations are again 
based on the ICAO Engine Exhaust Emissions Data Bank, however emissions factors 
and fuel flow are adapted to the atmospheric conditions and the altitude by using a 
method initially developed by The Boeing Company (BM2) and modified by the EEC 
Research Area Society, Environment & Economics (SEE) (EEC-BM2). EEC-BM2 
allows estimation of emissions for NOx, HC, and CO, while the emissions for H2O and 
CO2 are directly calculated based on the oxidation process of carbon and the hydrogen 
contained in the fuel with the oxygen contained in the atmosphere. In addition, the SOx 
emissions depend directly on the sulphur content of the fuel used. Emissions of H2O, 
CO2  and SOx are directly proportionally to the fuel burn. The estimation of VOCs and 
TOGs is based on a method developed by the US Environmental Protection Agency 
(AEM, 2003). 
4.2.3 Scenario definition 
RAMS Plus simulations are conducted using traffic, route network and sector data 
which were provided by NATS UK. A 24-hour air traffic sample for Friday, 3rd 
September 2004 is used with 7074 flights, each with specified departure and 
destination airports and simulation entry times. The covered simulation area of UK 
airspace is presented in Figure 4-1. For the region simulated, data describing the 
location of sector boundaries, airports and navigation aids (navaids), are specified. The 
ATC sectors are specified in four dimensions and the routes are defined according to 
the sequence of navaids to be used.  
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Figure 4-1. Simulated UK airspace 
4.2.4 CO2 emissions calculations 
The fuel burn rate, and hence the rate of CO2 emissions, varies with mode of flight (see 
Figure 4-2). Two flight cycles are considered for emissions calculations: 
• The Landing and Take Off cycle (LTO), which includes all activities near the 
airport that take place below the altitude of 3000 ft (1000 m). This consists of 
taxi-out, take-off and climb out, and at the end of the flight, the landing 
approach and taxi-in.  
• The Climb, Cruise and Descent cycle (CCD), which is defined as all activities 
that take place at altitudes above 3000 ft (1000 m). 
 
Figure 4-2. Flight phases of an aircraft (adapted from Rypdal, 2000) 
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This division into two flight phases (those above and below 3000 ft) follows the IPCC 
Tier 2 methodology (Rypdal, 2000). RAMS Plus and AEM III are used to calculate 
emissions for these two flight cycles. 
In addition to the combustion of fuel in the LTO and CCD activities, emissions occur 
due to fuelling and fuel handling in general, maintenance of aircraft engines and fuel 
jettisoning to avoid accidents. These emissions are, however, not included in this 
analysis. Also, CO2 emissions from surface access to airports were not within the scope 
of this estimate.  
To permit calculation of the total fuel burn for the traffic, fuel burn rates from the 
performance tables of the Eurocontrol BADA Revision 3.6 are incorporated into RAMS 
Plus. Flight speed and rate of climb/descent are also defined according to the BADA 
performance tables (Eurocontrol, 2004a). Each aircraft in the traffic sample was 
allocated to one of 91 available performance groups. In the few instances where the 
aircraft type specified in the traffic sample could not be directly related to one of the 
204 types supported by BADA, the aircraft was substituted with an aircraft type with 
similar operating characteristics (size, range, optimum cruise speed and altitude). More 
precisely, only three aircraft flights in the sample could not be allocated directly to 
BADA aircraft types. These were for a small aircraft, the Cessna C10T, which was 
replaced with the Cessna C208. 
The configuration of RAMS Plus with the UK air traffic sample has two limitations. 
Firstly, as detailed data on airport configurations and ground movements was not 
available, it cannot be used to calculate emissions for this phase of the flight. Secondly, 
the available air traffic sample only allowed emissions within UK airspace to be 
calculated. This would result in a Territorial Approach for CO2 emissions allocation. 
Since one of the objectives of this analysis was to estimate UK CO2 emissions that can 
be allocated to the UK CO2 budget, using a Flight Schedule Approach (meaning all 
domestic and traffic departing from the UK airports), it was necessary to perform 
additional calculations using the AEM III model.  
Normally, emissions estimations should begin at the flight’s pushback time, which is the 
moment when an aircraft departs from its gate. This time was not available in the NATS 
traffic scenario. For some flights, the start-of-take-off time was provided and for some 
the profile began at some altitude above the ground. However, using the AEM III model 
it was possible to adjust flights’ entry times and to complete the flight profile by adding 
the missing legs. The AEM III completes the whole flight profile by adding LTO legs 
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from departure and arrival airports and linking to the first and last known position of the 
aircraft according to the flight file from RAMS. Timings for the taxi-in and taxi-out 
phases of the flight are airport dependent and are predefined in the AEM III model. 
The air traffic sample available had detailed information only on flights within UK 
airspace. For international departures, the AEM completes the flight profile assuming 
that the aircraft uses the shortest (great circle) distance between the point of departure 
from UK airspace and the destination airport. On average, journeys are about 10 
percent longer than this great circle route because of airspace constraints and 
meteorological factors (IPCC, 1999). 
4.3 UK CO2 emissions estimate 
The AEM III uses flight profile information from the output of RAMS Plus to calculate 
information about fuel consumption and emissions produced. Summing the emissions 
from all simulated flights it is possible to derive a value for total CO2 emissions for the 
24 hr traffic sample. Traffic is separated into three categories: domestic, UK departures 
to EU, and UK departures to other international airports. All other traffic, including fly-
over flights and flights arriving to the UK are omitted; emissions are calculated only for 
departures from UK airports. This Flight Schedule approach gives a total fuel estimate 
consistent with the recorded deliveries of aviation fuel to the UK and prevents double 
counting of emissions allocated to international aviation. 
Figure 4-3 shows a breakdown of the UK air traffic sample by flight category. Just over 
half (55.19 percent) of the UK’s total daily traffic movements are domestic or 
international departures and are used for estimation of the CO2 emissions inventory. 
 
Figure 4-3. Breakdown of air traffic sample by flight category 
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The daily CO2 estimates are adjusted to correct for underestimation of the fuel burn due 
to the assumption that the flight trajectory follows the shortest (great circle) route 
outside of UK airspace. Previous studies (IPCC, 1999; Howell et all., 2003) have 
estimated that the distance flown is typically 10 percent longer than the great circle 
route. As this additional distance occurs in the cruise phase, and only outside UK 
airspace, the underestimation of the total CO2 will be less than 10 percent. Assuming 
that the great circle portion of the flight underestimates distance flown by 10 percent, 
and that the additional CO2 for the route as flown is proportional to the additional 
distance, the mean underestimation is 4.9 percent for EU departures and 6 percent for 
other international departures (expressed as a percentage of the total CO2 for the full 
flight trajectory). Total daily CO2 estimates are adjusted accordingly. CO2 for domestic 
flights is not adjusted, as there is no section outside of UK airspace. 
Table 4-1 shows estimated CO2 emissions for flights in the 24-h traffic sample, 
including all domestic (21.11 percent of total air traffic), EU departures3 (22.78 percent) 
and international departures (11.30 percent). The traffic sample is for 3rd September 
2004. In the absence of detailed data for each day, estimates for the monthly total 
values for September are obtained by multiplying daily values by 30. The applicability 
of a one-day traffic estimation to a whole week must take into account the fact that 
weekend traffic can be approximately 20% less than a weekday (Eurocontrol, 2006). 
To correct for this and for small day-to-day variability in the traffic amount, it is 
assumed that the overestimation can be approximated by comparing air transport 
movements in the one day sample, multiplied by 30, with the monthly figure reported by 
the Civil Aviation Authority (CAA). The overestimation of traffic movements is assumed 
to result in a proportional overestimation of CO2 emissions. For domestic traffic, the 
overestimation of traffic movements is 13.6 percent; for international (EU and other 
international departures), it is 9.7 percent. The CO2 estimates are adjusted accordingly. 
Table 4-1. CO2 emissions - September 2004 
September 2004 CO2  (Mt/day) CO2  (Mt/month) 
Domestic 0.00838 0.25143 
EU Dep. 0.02735 0.82042 
Int. Dep. 0.07438 2.23141 
 
                                            
3 Includes traffic where the destination of the aircraft is within the European Union (EU-15).  
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To reflect seasonal variation in air traffic volumes, monthly CO2 emissions for the three 
categories of air traffic for the rest of the year are calculated using the reference values 
for September and weighting for the monthly number of air traffic movements using 
CAA statistics for 2004 (CAA, 2004a)4. It is assumed that the mix of aircraft types and 
route lengths remains constant and changes in frequency of service occur uniformly 
across the traffic fleet (within each traffic category). Figure 4-4 shows the annual cycle 
of air transport movements in the UK for 2004. Annual CO2 emissions estimates for 
2004 for the three traffic categories are shown in Table 4-2. 
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Figure 4-4. UK annual cycle of air transport movements in 2004 
Table 4-2. UK CO2 emissions - 2004 
2004 UK CO2  
Emissions Estimate CO2 (Mt) 
Domestic     1.94 -    3.14 
EU Departures     7.98 –   9.73 
International Departures 16.54 – 22.97 
Total 26.46 – 35.85 
For domestic traffic, the monthly variation in movements is small (Figure 4-4) and the 
distribution of routes shows little seasonal variability (CAA, 2004b). EU and 
International traffic are more variable. Most destinations for EU-bound traffic have a 
                                            
4 CAA Monthly Airport Statistics tables for 2004 do not include records for accession countries 
admitted into the European Union in May 2004. 
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uniform pattern throughout the year, but traffic (in terms of carried passengers) to 
vacation destinations, such as Spain and Greece, almost doubles during the summer. 
Within the International (non-EU) routes the largest variation is again during the 
summer for vacation destinations, such as Cyprus and Turkey, and long haul flights to 
North America and the Far East (CAA, 2004c).  
The assumption that the pattern of routes does not show seasonal variability 
overestimates stage lengths by about four percent for international scheduled services 
and by 7.5 percent for non-scheduled services within the 25 EU states. This is based 
on an analysis of CAA data (CAA, 2004d). There is a further underestimation of the 
stage lengths of international non-scheduled, non-charter traffic by 18.3 percent; 
however these flights represent only 2.3 percent of annual UK airlines flights for 2004. 
Figure 4-5 shows the estimated annual cycle of the UK’s CO2 emissions from aircraft. 
As expected, International Departure flights contribute most to emissions although the 
number of movements is roughly half that for domestic or intra-EU flights. Aircraft are 
typically larger and the average route is much longer for these flights. EU and 
international departures have more or less similar annual cycles, both groups have the 
highest emissions occurring in July and August. CO2 emissions from domestic traffic 
have only minor variations throughout the year.  
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Figure 4-5. UK's CO2 emissions annual cycle 
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4.3.1 Analysis of flights with the largest emissions 
In addition to the UK CO2 emissions estimate, additional analysis has been performed 
to calculate contributions from those flights and aircraft within the sample that are the 
largest emitters. This section provides an assessment of which flights and associated 
aircraft account for the bulk of emissions.  
The data is analysed to identify those flights that emit the most CO2. Figure 4-6 shows 
that the 243 most polluting flights in the one day sample (6.23 percent) account for 50 
percent of the total CO2 emitted. Furthermore, only 26 flights account for nearly 10 
percent of total CO2 emissions. All of these flights are International Departures. These 
results indicate the importance of CO2 emissions from international aviation being 
brought within national targets for emissions reduction. These flights were excluded 
from initial proposals to extend the EU Emissions Trading Scheme (ETS) to cover 
aviation, but could be included under current draft legislation. The legality of imposing 
emissions trading on international airlines operating outside the EU may be challenged. 
If the challenge is successful and the scheme is confined to international traffic within 
the EU, domestic aviation being already included in the Kyoto targets, emissions 
trading would target less than a quarter of the total CO2 emissions from UK aviation 
(Table 4-2). 
Figure 4-6. Highest emitting flights (ranked by total CO2 emissions) - Daily Traffic 
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Considering flight emissions per kilometre, the 484 flights with the highest per km 
emissions (12.4 percent of the sample) account for 50 percent of total CO2 emissions 
(Figure 4-7). Furthermore, 10 percent of the UK’s daily CO2 aviation emissions can be 
attributed to only 64 flights with the highest emissions per km. 
Figure 4-7. Highest emitting flights (ranked by flight km emissions) - Daily Traffic 
Additional analysis by aircraft group (based on size) revealed some interesting 
observations. Aircraft group categorisation is taken from the RAMS Plus default 
allocations for aircraft size and consists of 5 categories. These categories are: Heavy 
(e.g. B747/777 and A330/340), Light Medium (e.g. A319/320, B727/737, and 
Fokker70/100), Light (e.g. Beech, Cessna or Embraer aircraft, and LJ45), Small (e.g. 
Dash8, Embraer145, and Fokker50), and Ultra Medium (e.g. B757 and DC8). Figure 4-
8 presents CO2 emitted per flight-km as a function of distance for short haul flights 
(total distance less than 2000 km), medium haul flights (total distance between 2000 
and 5000 km), and long haul flights (greater than 5000km).  
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Figure 4-8. CO2 emitted per aircraft km (in 1000) 
Differences in aircraft size are clearly reflected, with larger aircraft emitting more CO2 
per km. For short and medium haul flights, each aircraft group shows a reduction in the 
CO2 per km for longer routes; emissions per km are more than doubled for very short 
haul routes. For the most polluting aircraft, three aircraft models dominate by quantity, 
B747, B777, and B757, with more than 15 percent of the sample each. Moreover, when 
looking at the mean of CO2 emissions per flight km, the highest emissions are from 
B747 models. 
Emissions per passenger-km take into account differences in aircraft capacity when 
comparing the performance of aircraft, Figure 4-9 shows CO2 emitted per passenger 
kilometre for all flights in the UK sample. Load factors (percentage of seats occupied) 
are taken to be 65.5 percent for the short haul domestic and European routes, and 80.1 
percent for long haul routes (Association of European Airlines, 2004). 
Distance (1000km) 
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Figure 4-9. Emissions per passenger kilometre by range of flight (kg). PLF is Passenger Load 
Factor 
In agreement with previous studies, the fuel required per passenger kilometre (and 
hence CO2 emitted) is found to be higher for journeys below around 1000km (Babikian 
et al., 2002). Disaggregating by aircraft group, Light aircraft show the highest emissions 
per passenger km. The lowest CO2 emissions per passenger km are shown for the 
Heavy aircraft group on the long haul routes. Higher emissions per passenger km do 
not necessarily imply greater climate impact per passenger km as non-CO2 impacts are 
lower for very short haul routes and for lower cruise altitudes (Williams et al. 2006).  
4.4 Comparison with other CO2 emission estimates 
Results of this analysis have been compared to four other studies and models that 
produced an estimate of UK aviation emissions. This provides a validation of the 
comparability and robustness of this estimate as well as provides insights into the 
potential uncertainties of this technique and those of others. 
Findings from this analysis have been compared with the NETCEN and SERAS CO2 
estimates for the year 2000 taken from the report Aviation and the Environment: Using 
Economic Instruments (DfT, 2003b). These two estimates are conducted specifically 
for UK air travel. In addition, results have been also compared with estimates from the 
SAGE and AERO2K model and with the United Nations Framework Convention on 
Climate Change (UNFCCC) estimate. SAGE was developed by the US Federal 
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Aviation Administration (FAA) as a global model of aviation environmental impacts, but 
which also allows regional impacts to be examined (Kim et al., 2005). AERO2K was a 
European project that also assessed global impacts (Eyers et al., 2004). Table 4-3 
summarises the results of all these studies. Despite the fact that estimates are made 
using different methodologies and data, there is some consistency between them. As 
can be seen, results from this analysis bound the majority of the results from these 
other studies (none of which report similar uncertainty bounds). The following sections 
give a brief explanation of each estimate and provide a discussion of their results. 
Table 4-3. Aviation-related CO2 emissions (million tonnes) 
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Domestic  1.5 2.9 1.97 2.88 1.81 2.12 2.30 2.30 2.56 1.94 –   3.14 
International  24.6 28.5 30.24 26.51 25.42 27.16 33.12 33.45 33.96 24.52 – 32.71 
Total  26.1 31.4 32.21 29.38 27.23 29.29 35.42 35.75 36.53 26.46 – 35.85 
4.4.1 NETCEN estimates 
The original NETCEN estimates take into account the fact that international and 
domestic flights have a different proportion of emissions at altitude and in the LTO 
cycle. However, the estimates of aviation CO2 emissions at cruise altitudes were based 
on aviation fuel sales data from the Digest of UK Energy Statistics (DUKES) for total 
inland deliveries of aviation fuel and aviation spirit. These figures cover deliveries of 
aviation fuels in the UK to international and other airlines, British and foreign 
governments, and for private flying. The metric used by NETCEN to measure the UK’s 
CO2 emissions is therefore an approximation since NETCEN estimates the total fuel 
uplifted by aircraft in the UK as the UK’s CO2 emissions from aviation. In practice, part 
of the uplifted fuel could be used on flights not departing from the UK but used, for 
example, on a return flight back to the UK from a different country (or vice versa). The 
net error associated with this is unclear. A further simplification was the use of only two 
aircraft types and default emission factors being applied to older aircraft. Revisions to 
their method in Watterson et al. (2004) include emissions per LTO cycle based on 
detailed airport studies and engine-specific emission factors (from the ICAO database). 
For the cruise phase, fuel use and emissions are estimated using distances (based on 
great circles) travelled from each airport for a set of representative aircraft. Emissions 
from additional sources (such as aircraft auxiliary power units) are also now included. A 
summary of the more detailed approach now used by NETCEN and a full description is 
given in Watterson et al. (2004).   
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The original estimates produced by NETCEN in 2000 were 31.4 Mt of CO2 emissions, 
of which 2.9 Mt CO2 were emitted by domestic flights (DfT, 2003). The updated 
analysis technique resulted in a larger estimate of 32.2 Mt of CO2. Of this total, UK 
international flights produced 30.2 Mt of CO2 (Baggott et al, 2006). Estimates for 2004 
are 34.1 Mt of CO2 emissions, of which 2.3 million tonnes CO2 were emitted by 
domestic flights (NAEI, 2005). The old method overestimated domestic emissions and 
underestimated international emissions; this shows the sensitivity of these estimates to 
the assumptions and methods of analysis that are used. 
4.4.2 SERAS estimates 
The SERAS study gave slightly different results. In the SERAS study total air transport 
related CO2 emissions were estimated at 26.1 Mt for the year 2000 (DfT, 2003b). 
SERAS produced estimates, which are lower, assuming that aircraft use “great circle” 
routes (i.e. the shortest distance between the two points) ignoring the extra distance 
due to airspace constraints. In addition, the SERAS estimates were based on the 
assumption that the UK’s share of international flights is one-half of the total traffic. The 
SERAS emission estimate, as set out in ANNEX D of Aviation and the Environment: 
Using Economic Instruments (2003b), took fuel burn data for representative aircraft 
“types” used on domestic, short haul and long haul services. The SERAS CO2 
estimates for international aviation in 2000 were about 25 percent lower than those 
estimated by the improved NETCEN methodology. The SERAS study also sampled 
only 29 airports, however, the likeliest reason for the smaller estimate is that the 
modelling assumed that all aircraft fly great circle distances. On the other hand, use of 
the RAMS Plus simulation with real air traffic data in this chapter allows actual flight 
paths to be modelled.  
4.4.3 SAGE and AERO2K estimates 
As mentioned previously, comparison of estimates done here with these two models 
can provide a better understanding of the uncertainties involved, as they use different 
data and methods. Both models (i.e. SAGE and AERO2K) were large-scale projects 
with many partners involved. Both models use the best available data and methods 
that allow high-resolution and very reliable modelling of aircraft fuel burn and emissions 
during all phases of flight. SAGE and AERO2K agree on methodological issues 
concerning classification of domestic and international flights and allocation of fuel 
consumption to a specific country. These also comply with the approach adopted in this 
analysis: 
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• A flight is defined as a single take-off to the next landing.  
• A domestic flight is a flight taking off and landing in the same country. 
• International flights are flights taking off in one country and landing in a different 
country.  
• All fuel consumption on domestic and international flights departing from a 
particular country is allocated to that departure country. 
SAGE uses air traffic control and radar trajectory data for actual flight tracks to develop 
a global inventory of aviation emissions. Estimates from this model for domestic flights 
in 2004 are 2.56 Mt and for international flights, 33.96 Mt. While the domestic estimate 
is within the estimated range of the analysis done here (1.94 - 3.14 Mt), the SAGE 
international estimate is higher than the range estimated here (24.52 - 32.71 Mt). This 
can be explained by the more detailed flight profiles used within the SAGE model. The 
SAGE flight profiles are constructed using detailed US Air Traffic Control (ATC) data 
and flight schedules for other regions of the world. Flight profiles within SAGE are 
modelled using radar trajectories or by assuming dispersed great-circle routes (Kim et 
al., 2005). The analysis in this chapter, assumed great circle routes from the edge of 
UK airspace to overseas destination airports, thus international estimates may be 
under-estimated. The underestimation of the distance in the cruise phase of the flight 
(and hence fuel burn and CO2) for international flights, however, is still less then four 
percent compared with the SAGE estimate. This underestimation is less then two 
percent when total CO2 estimates are compared. SAGE also adjusts take-off weight to 
account for fuel tankering (the practice of purchasing fuel in regions with lower prices). 
SAGE systematically increased flight weights by two stage lengths (Kim et al., 2005). 
AERO2K uses actual radar tracking data (as opposed to great circle data) similar to the 
SAGE model. However, the AERO2K model also takes into consideration aircraft in-
flight weight changes which in turn result in variations in fuel burn and emissions. 
AERO2K does not model uncertain factors such as fuel tankering (Eyers et al., 2004). 
Overall, domestic figures from AERO2K for the year 2002 are below the range 
estimated by this analysis. However, applying a correction for growth in CO2 emissions 
of 11.1 percent between 2002 and 2004, the estimates are more consistent with the 
estimate here, giving an estimate of 2.01 Mt of CO2 (Defra, 2007). Similarly, the 
estimate for international CO2 emissions from AERO2K are within the same range as 
the estimate here when a growth factor is applied (14.5 percent from 2002 to 2004) 
resulting in an estimate of 29.1 Mt of CO2 (Defra, 2007). 
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It is beyond the scope of this thesis to give a full assessment of SAGE and AERO2K 
modelling capabilities. However, the comparison of their results with the UNFCCC 
inventory data for 2002 is made in order to better understand uncertainties involved 
with the analysis in this chapter.  
4.4.4 UNFCCC fuel consumption estimates 
Estimates published by the UNFCCC (2005) are based on country-specific fuel sales.  
This method may overestimate actual fuel burn, as it does not account for fuel not used 
(i.e. disposed) and fuel used for other purposes (i.e. tankering). International CO2 
emissions estimates from UNFCCC show better agreement with the modelled results 
from SAGE and AERO2K than for domestic fuel consumption in 2002; however the 
2004 domestic estimates are substantially closer. Additionally, both 2002 and 2004 
UNFCCC estimates are within the range of this analysis. 
Overall, all these comparisons of different models and methods for estimating fuel burn 
provide estimates that fall within or close to the estimated range of this analysis in most 
cases. The more detailed methods are closer to the upper bound estimated for 2004, 
exceeding it in some cases. These comparisons provide a good validation of the 
general approach used in this chapter. The next section provides a discussion about 
some of the uncertainties associated with this analysis. 
4.5 Uncertainties 
There are three main sources of uncertainty related to this estimate of annual CO2 
emissions from UK aviation. These relate to: uncertainties in the aircraft performance 
data; uncertainties in the calculation of flight trajectories outside UK airspace; and 
uncertainties relating to the extrapolation of a one day sample to generate an annual 
estimate.  
The uncertainty in the fuel burn rates in the BADA data has been estimated to be lower 
then 5 percent (Nuic et al, 2005). However, while the BADA performance tables 
provide climb rates and fuel burn consumption for three aircraft mass scenarios (low, 
nominal and high) for each aircraft type, in the absence of take off mass data in the 
traffic sample, the approach here assumes that all aircraft are at nominal mass. This is 
likely to underestimate CO2 emissions where route length is close to the maximum 
range for the aircraft type. In addition, the simulator does not allow evolution in the 
aircraft mass assumption during the flight, as the mass of fuel in the tanks decreases. 
In addition, BADA aircraft types are each defined for only specific airframe-engine 
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combinations; data on the exact engine type for each aircraft in the traffic sample is not 
available. 
As described in the methodology section, further uncertainty arises as a result of the 
incomplete traffic routing data; detailed routes are defined only within UK airspace. The 
necessary assumption that international (EU and non-EU) departures follow a great 
circle route from the edge of UK airspace to the destination airport leads to an 
underestimation of the distance (and hence fuel burn and CO2) in the cruise phase of 
the flight. The daily CO2 estimates are adjusted to correct for underestimation of the 
fuel burn by assuming an additional 4.9 percent for EU departures, and 6 percent for 
international departures. This could be rectified using additional data, however, this 
type of data is not readily available. 
Finally, the assumption of going from a one-day emissions estimate to an annual total 
introduces errors. Firstly, it has been assumed that the one-day traffic sample is 
representative of the mean value over one month. From CAA data for diverted aircraft, 
the sample day appears to be free of major system-wide disruption. The CAA report of 
diverted landings to/from UK airports shows two diversions on the day of the traffic 
sample (CAA, 2004e). Of these, one was an aircraft with a destination of Belfast City 
Airport, diverted to land at nearby Belfast International. The second was an aircraft with 
an unspecified overseas destination diverted to land at Glasgow5. This indicates that 
the date of the traffic sample is not severely affected by severe weather or other 
operational difficulties, which would significantly increase the number of diverted 
landings; a total of 798 diversions occurred during 2004 (CAA, 2004f), with the most 
disrupted single day occurring in January, with 117 diverted landings. So, the 
assumption that the sample day is not skewed by major system disruption appears 
valid.   
In addition, a simple multiple of the sample day (Friday) value is used in calculations in 
this chapter, rather than a weekly cycle of air traffic. Comparing CAA air transport 
movement statistics for September 2004 (CAA, 2004a) and this analysis’ 
approximation of monthly air transport movements, results in a difference of 11.2 
percent. Domestic traffic in our sample, in terms of air transport movements, is greater 
                                            
5 This in addition raises an interesting question of how to allocate emissions for international 
diverted traffic due to weather. 
Chapter 4                      Estimates of UK CO2 emissions from air transport – Base Case scenario 
  54 
by 13.6 percent compared to the CAA statistics. In addition, international traffic (EU 
plus other International) is higher by 9.7 percent in our sample (5.2 and 18.7 percent 
higher for EU and other international, respectively). These overestimates are in part a 
consequence of reduced traffic on weekends, which is reflected in the CAA statistics, 
but not in the estimate here. Overall, comparison with the CAA statistics leads to the 
conclusion that the one-day traffic sample may overestimate air transport movements 
by 10 percent for calculation of the September mean emissions values, with this 
overestimation largest for the non-EU international routes. 
In using the one-day sample to develop monthly (September) and annual estimates, 
the assumption that the distribution of routes and aircraft types does not vary 
throughout the year will also affect the calculated value. Disaggregating the CO2 
estimates into domestic, EU and other international traffic addresses this in part by 
allowing different annual cycles in the three market categories, but the incorporation of 
daily or monthly air traffic data could improve the estimate further. For this analysis, 
seasonal variation in route length is used to derive an estimate for the uncertainty 
associated with the assumption that CO2 is linearly related to traffic movements.  
Tables 4-2 and 4-3, show a range of estimates for CO2 produced within this chapter. 
This range includes the uncertainty associated with the BADA performance data and 
fuel burn rates and uncertainties in the corrections for the great circle approximation 
and the overestimation of traffic.  
Air traffic delays such as hold stacks are not included in this analysis, as specific 
delays for the traffic sample are not available. Emissions due to delays can vary due to 
altitude, duration and aircraft type, and the relative impact will depend on route length. 
For example, a 20 minute hold would increase full flight CO2 emissions for an Airbus 
A320 from Heathrow to Munich by around 17 percent. For a Boeing-777 from Heathrow 
to Washington Dulles International, the full flight CO2 emissions increase due to a 20 
minute hold would be about five percent. Delays are believed to be responsible for only 
one percent of global aviation fuel use (Eyers et al., 2004). 
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4.6 Summary of findings 
The estimates from this analysis match well with those of NETCEN and the UNFCCC. 
Total international air traffic emissions, calculated in this study (31.8Mt) are consistent 
with the NETCEN estimate for 2004 (33.1 Mt).6. Moreover, the latest UNFCCC records 
show that the UK’s reported emissions, resulting from fuel use of aircraft engaged in 
international transport, were 30.24 Mt and 29.66 Mt in 2000 and 2003 respectively 
(UNFCCC, 2006). 
There is a possibility, though, that NETCEN figures for emissions of international traffic 
are overestimated, since the metric used by NETCEN to measure the CO2 emissions in 
cruise phase is an approximation. Furthermore, the high uncertainty in NETCEN’s 
aviation fuel consumption reflects the uncertainty in the split between domestic and 
international aviation fuel consumption taken from DUKES. On the other hand, the 
SERAS study produces under-estimates and their approach uses assumptions that do 
not represent realistic assumptions about air traffic in the UK.  
In addition, figures from the AERO2K model estimate for year 2002, with respect to the 
increase in traffic, match well within the range of this analysis. The SAGE model 
produced slightly larger estimates for 2004 for international flights (33.96Mt), which can 
likely be explained by the more detailed flight profiles used for airspace outside the UK. 
Overall, even though AERO2K and SAGE are highly technically advanced models and 
their modeling capabilities are much more sophisticated than that done in this chapter, 
this analysis gave fairly comparable results.  
Nevertheless, both the NETCEN and the SERAS study, and estimates of SAGE and 
AERO2K models provide a good basis for evaluation of results in this chapter. This 
analysis has shown that by using real traffic profiles and applying different fuel burn 
rates to the different modes of flight, it is possible to calculate a CO2 emissions 
inventory comparable to other estimates. Using a fast time simulation model with a 
one-day traffic sample, this analysis derives an annual estimate for emissions that is 
consistent with emissions estimates based on annual data. This provides a base traffic 
scenario which can be used to test the impact on emissions of a range of system 
changes, including traffic growth, changes in fleet mix, changes in routing, and system 
                                            
6 Air transport movement growth between 2001 and 2002 was zero percent. 
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disruptions. The method allows disaggregation of domestic and international flights and 
their emissions and can disaggregate the emissions into aircraft groups and route 
profiles, offering an important tool for analysis of various policy effects, which other 
estimates cannot provide. 
Understanding of the total contribution of aviation, not just domestic flights can ensure 
that policy priorities can be fairly assessed. Even if national targets for CO2 emission 
reduction are met, a very small proportion of international departures can consume a 
large amount of the national allowances. This has implications for how the associated 
CO2 emissions of international aviation can be brought within national targets for 
emissions reductions. Calculation of baseline estimates of aviation emissions for 
carbon trading schemes is another key policy need, that these methods can provide 
input to. 
Overall, this method provides a useful approach for analysing emissions, in particular 
for assessment of the flights and aircraft accounting for the bulk of emissions. With 
additional traffic samples, to reflect seasonal and weekend traffic changes, the 
accuracy of the emissions estimates provided by the analysis could be further 
improved. Lastly, the possibility to calculate a CO2 emissions inventory, which match 
well with current estimates, gives validation of this approach and justifies use of RAMS 
Plus and AEM III for further analysis of impacts in this dissertation.  
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5 Wind impact at altitude 
With the aim of addressing the first research objective defined in Chapter 1, this 
chapter presents the analysis of the relationship between aircraft fuel consumption, and 
hence CO2 emissions, and different wind fields. In order to analyse the changes in 
aircraft CO2 emissions due to wind field changes air traffic simulations of UK airspace 
have been performed. These simulations are conducted using the RAMS Plus software 
and its ATMOS utility, which enables simulation of wind effects on a flight. This chapter 
starts with a short background to the problem, which is followed by a pilot study 
performed to assess the sensitivity of the RAMS Plus software and its ATMOS utility to 
wind speed and direction changes. This section commences with the pilot study 
research methodology. A detailed explanation of the data (i.e. traffic and wind data) 
and data pre-processing is given. Using findings from the sensitivity analysis the 
chapter continues with an analysis of the impact of wind profile changes imposed on 
the UK one-day traffic sample used to produce the UK Base Case emission scenario in 
Chapter 4. The chapter concludes with a discussion of the results and a summary of 
findings. 
5.1 Background to the problem 
As discussed in Chapter 1, emissions of CO2 are directly proportional to the amount of 
fuel burned, so any factors influencing the efficient use of fuel will alter the amount of 
emitted CO2. Wind speed and direction can have a significant impact on flight times 
and trajectories, and hence on the fuel required. With climate change variability and 
forecasted changes in wind speed and/or direction it is necessary to analyse how those 
changes can impact the CO2 emissions of aircraft in the UK in the future. As discussed 
in Chapter 2, in order to introduce appropriate measures to limit or reduce the further 
impact of air transport on climate change, it is necessary to consider those possible 
impacts of changing climate on the sector. Only in this way can the effects of different 
policy, technology, and operational scenarios be appropriately predicted and evaluated. 
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However, before commencing an analysis of the impact of wind profile changes on the 
UK Base Case traffic scenario (i.e. as defined in Chapter 4) it is necessary to test the 
sensitivity of the simulation software to wind speed and direction changes. This is 
presented in the following section.  
5.2 Methodology - Pilot study 
In order to assess the sensitivity of RAMS Plus to wind speed and direction changes, a 
small-scale study has been conducted using the RAMS Plus software and its ATMOS 
utility. This section starts with a description of the ATMOS weather model and the 
traffic scenario used in the sensitivity analysis. This is followed by an explanation of the 
preparation of the wind profile data and the wind scenarios used for the assessment of 
the sensitivity of the RAMS Plus software. The Pilot Study section ends with a list of 
findings that serve as a guideline for further analyses. 
5.2.1 Data and tools 
5.2.1.1 The ATMOS Weather Model 
The ATMOS (Atmospheric) Weather Model is a stand-alone distributed weather model 
that can be queried for wind information at any given location and time. ATMOS allows 
different models and tools to use its weather information to provide a more robust and 
complete airspace study environment.  
One objective of the ATMOS weather model is to demonstrate the functionality and 
benefits of the trend towards open-system components in ATM analysis and modelling. 
As such, the RAMS Plus simulation tool has been enhanced to communicate with 
ATMOS to build a wind-effected flight trajectory. The ATMOS Wind Server is a free 
component included within the RAMS Plus simulation model. The use of ATMOS in 
conjunction with RAMS Plus during a simulation provides more realistic profiles by 
adding wind-effects to 4D flight trajectories (ISA, 2002). 
5.2.1.2 Applying wind to a flight profile 
The 2D wind vector received from the ATMOS weather model contains a wind speed 
and a wind aloft direction. The wind speed is in knots, and the wind direction angle is 
the wind origin from degrees north. This is illustrated in Figure 5-1 where the wind is 
coming from a direction of 220 degrees from the north. Therefore, the wind is blowing 
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in a direction of 40 degrees. The wind vector1 (u, v) represents the wind in the latitude 
and longitude directions (Equations 5-1 and 5-2), where WS and WD are wind speed 
and wind direction respectively.  
 
Figure 5-1. Wind direction angle definition 
  
€ 
u = sin WD( ) ×WS         (5-1) 
  
€ 
v = cos WD( ) ×WS         (5-2) 
In RAMS Plus, the performance vector of a flight profile point is represented as a 3D 
vector (longitude, latitude, altitude). The flight vector (fX, fY) represents the aircraft 
speed in the longitude and latitude directions. In order to apply the wind to the flight 
speed, two manipulations are made, an addition of the tailwind or a subtraction of the 
headwind, and an application of the crab-factor that represents effects of side winds on 
the aircraft speed. 
The tailwind (TW) represents the speed in knots of the wind in the direction of the flight 
(Figure 5-2). This wind component is calculated using the direction in which the wind is 
blowing (Equation 5-3). The headwind (HW) is the speed in knots of the wind in the 
opposite direction of the flight that is calculated using the direction of the winds aloft 
(Equation 5-4). Head and tail wind components are different only in sign. In Equations 
5-3 and 5-4, WD and H are wind direction and aircraft heading (i.e. true heading) 
respectively. 
                                                
1 For wind vectors, the conventional atmospheric notation is: u for zonal winds (along constant 
latitude line - positive values towards East) and v for meridional winds (along constant longitude 
line - positive values towards North). 
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Figure 5-2. Wind triangle 
  
€ 
TW = WS× cos(WD−H)               (5-3) 
  
€ 
HW = WS× cos WD−H( )               (5-4) 
The crab factor (CF) is a multiplier that represents the effect on the aircraft speed from 
side winds (ISA, 2002). The aircraft’s direction and speed (relative to the surrounding 
air) are “crabbed” by the side winds, resulting in a change of the aircraft’s actual 
direction (true course) and speed relative to the ground (ground speed). Therefore, the 
aircraft’s ground speed (GS) is slightly higher than its true airspeed (TAS) (Figure 5-2). 
The crab-factor is calculated as shown in Equation 5-5 (ISA, 2002). Therefore, the 
RAMS Plus aircraft’s ground speed is calculated as in Equation 5-6. 
  
€ 
CF = 1−
WS2 −HW2   
 
 
 
TAS2
         (5-5) 
  
€ 
GS = CF× TAS−HW( )          (5-6) 
To illustrate this, Table 5-1 shows an example of the effect of a 25 knot wind for aircraft 
flying at 400 knots and at 200 knots true air speed. Table 5-1 shows TAS, GS, and 
Crab Angle for the two illustrating why the effects need to be considered and how the 
effects will be different for different aircraft types2. 
Table 5-1. Example of wind effect on aircraft's speed 
WS 
(knots) 
WD 
(o) 
TAS 
(knots) 
GS 
(knots) 
Crab Angle 
(o) 
Heading 
(o) 
True Course 
(o) 
25 90 200 218 5 45 50 
25 90 400 418 2 45 47 
  
                                                
2 Smaller aircraft have lower cruising speed than large aircraft. 
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5.2.1.3 Pilot study traffic sample 
To allow a number of wind scenarios to be assessed in the pilot study, a smaller traffic 
sample than that used in Chapter 4 was acquired. This traffic sample represents a busy 
day in the south-east (S-E) region of the UK airspace (Figure 5-3). It relates to the 
busiest 4-hour period on Thursday 8th July 2004, 2-6PM, with a total of 780 flights and 
represents only flights that pass through S-E of the UK airspace. The flight trajectories 
are modelled within the whole of UK airspace (Figure 4-1). Traffic, route network, and 
UK sector data are provided from the UK National Air Traffic Services (NATS) as 
described in Chapter 4.  
 
Figure 5-3. Pilot Study traffic sample 
5.2.1.4 Preparation of the Wind Profile  
The Control wind profile data for 7th July 2004 was acquired from the UK Met Office 
High Resolution Radiosonde Database. The radiosonde database is the source for 
vertical profiles of pressure, temperature, relative humidity, humidity, mixing ratio, 
sonde position (i.e. altitude), wind speed, and wind direction. The measurements are 
taken at two-second intervals as the sonde ascends and extend to heights of 
approximately 20-30km (UK Meteorological Office, 2006b). The UK network, where 
measurements are taken, currently consists of twelve stations, the locations of which 
are shown on a map in Figure 5-5. In addition, temporal resolution of the data is 6 or 12 
hours, depending on the station (i.e. radiosonde is launched either twice or four times 
per day, at the synoptic hours of 00, 06, 12 and 18 GMT). The measurements are 
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reported at standard and significant pressure levels. The standard pressure levels are 
1000, 925, 850, 700, 500, 400, 300, 250, 200, 150, 100, 70, 50, 30, 20, and 10 mb.  
In order to test the sensitivity of the RAMS Plus output to wind speed and direction 
changes, a goal was to acquire data that would best represent the wind fields for the 
South-East (S-E) UK airspace. For the purpose of this sensitivity analysis the 
Herstmonceux station’s wind profile data was selected (see location of the station, 
Figure 5-4). This station was chosen as it best represents the S-E wind profile and it is 
closest to the London area and its busy air traffic. The radiosonde measurements of 
wind speed and direction at standard pressure levels were used for this small scale 
analysis.  
 
Figure 5-4. UK Upper-air stations (based on 
http://badc.nerc.ac.uk/data/radiosonde/network.html) 
Some adjustments to vertical resolution of the UK high resolution radiosonde data were 
necessary because the vertical resolution of data for standard pressure levels did not 
coincide with the 3000 foot intervals (for the altitudes between 0 and 42,000 feet) 
required for the ATMOS model. As a result, the values for missing levels were taken 
from the closest pressure level below. Figure 5-5 shows a sample from the wind data 
used, with an example of how adjustments were performed. In this example, wind 
profile data for 21,000 feet was missing, so the value from 18,000 feet is used instead 
(Figure 5-5).  
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 Herstmonceux observations ATMOS model input 
Altitude 
(ft) 
Wind direction 
(°) 
Wind speed 
(ms-1) 
Wind speed 
(knots) 
Wind direction 
(°) 
Wind speed 
(knots) 
      
18000 158 5.2 10.1 158 10 
21000 - - - 158 10 
24000 161 5.3 10.3 171 10 
Figure 5-5. Example of wind data adjustments due to missing values 
The option of interpolating wind profile data was considered but rejected due to the 
small differences between adjacent levels (see example in Figure 5-5). Figure 5-6 
shows the sample from wind field pre-processing, indicating the measurement pressure 
levels with respect to altitude and how the mapping to ATMOS model levels is 
performed. The shaded rows in Figure 5-6 represent values outside the range of 
interest for the air traffic simulation (i.e. below 3000ft or above the maximum cruising 
altitude of 42,000ft).  
 
Figure 5-6. Sample of wind field pre-processing 
Figure 5-7 represents changes of wind direction with altitude for four daily 
measurements (i.e. at 00, 06, 12 and 18 GMT). For example, Figure 5-7 shows that at 
midday, the wind was predominantly easterly up to 30,000 ft. Figure 5-8 shows how 
wind speed changes with altitude during the day. The highest observed wind speeds 
are very early in the morning and late during the day when the traffic level is low. For 
this reason, it is possible that these large peaks in wind speed will not largely influence 
the net fuel burn consumption, in this example.  
However, the current release of the ATMOS Weather Model does not support the use 
of wind data that contains several different time sets (ISA, 2002). Therefore, it was not 
possible to use the wind profile with temporal resolution of 6 hours (i.e. to include 
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changes in the wind profile during the simulation period). As the traffic sample for the 
sensitivity analysis is S-E traffic for 2-6PM, observations from Herstmonceux station at 
12GMT are used.  
 
Figure 5-7. Wind direction vs altitude (Pilot Study analysis) 
 
Figure 5-8. Wind speed vs altitude (Pilot Study analysis) 
In summary, several assumptions concerning the wind profile have been made in the 
pilot study. The final resolution of the wind profile is as follows: 
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1. time resolution: a single wind profile that represents the wind observations at 12 
GMT is applied for the whole simulation period; 
2. spatial coverage: a single wind profile is applied to the whole simulation area; 
and 
3. vertical resolution: wind change at 3000 ft intervals. 
5.2.1.5 Preparation of wind scenarios 
Climate models generally have a problem modelling wind fields and therefore usually 
have limited use in impacts modeling. There is much uncertainty about future changes 
in wind speed and direction and there is only modest confidence about the regional 
changes in either average or extreme wind speeds (Hassell et al., 2002). The 
BETWIXT wind report (Hanson and Goodess, 2004) highlights the limitations of wind 
forecasts from regional climate models. Overall, the report states that the regional 
model (HadRM3H) does not indicate any significant change in wind direction and that 
any projected changes in wind speed are in the magnitude of a few tenths of a ms-1 
only. Adding this to the failure of the regional climate model to accurately simulate 
present day wind direction and the consistent underestimation of wind speed, the 
report further states that “it is still not possible to make any confident statements about 
future changes in wind” (Hanson and Goodess, 2004). 
In addition, the BETWIXT report states that one of the biggest problems in the 
simulation of wind speeds in the regional climate models is the inability to accurately 
simulate changes in wind speed with height. The modelled wind speeds incorrectly 
decrease with height, with the models particularly inadequate for accurately simulating 
wind speed changes with height for inland and highland locations.  
Overall, the wind speeds and direction are highly difficult to estimate from climate 
models, and usually only qualitative assessments of changes and future predictions are 
cited. Based on the UK climate scenarios published in 2002, London Climate Change 
Partnership (2002) suggests that only during the winter stronger winds in southern 
England would be expected. In addition, an increase in extreme wind speeds is 
expected for western and central Europe (Rockel and Woth (2007); Leckebusch and 
Ulbrich, 2004; Beniston et al., 2007). 
For all these reasons, it was decided not to use wind forecast data, but to focus on the 
sensitivity of the air traffic system, more precisely the aircraft fuel consumption, to 
changes in wind speed and direction by using a range of extreme wind scenarios. Six 
extreme wind scenarios have been designed. The first three used wind speeds 
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increased by 10, 50 and 100 percent from the original wind profile, retaining the original 
wind headings, while the last three used the original wind speeds with the heading 
changed by 30, 90, and 180 degrees. 
5.2.2 Sensitivity Analysis 
A total of eight simulations were conducted. A Control run with no wind effect was 
followed by an Observed wind run, representing a full day of air traffic with the impact 
of the wind profile generated using the radiosonde data as described in 5.2.1. Another 
six runs were then performed to analyse the sensitivity of RAMS Plus to wind speed 
and direction changes, using the scenarios described above. 
The fuel burn calculations apply only to sections of flight inside the simulation area (i.e. 
the UK airspace). As discussed previously, the air traffic sample provided from NATS, 
contained detailed routing information only inside UK airspace. With the scenario 
defined in RAMS Plus in this way, only emissions within UK airspace could be 
calculated. Moreover, as mentioned in Chapter 4, due to the unavailability of detailed 
data on airport configurations and ground movements, RAMS Plus cannot be used to 
calculate emissions of the landing and take off cycle activities. Therefore, the only 
modelled wind effects are those related to enroute flight above 3000 feet within the UK 
airspace. More precisely, only the two-dimensional impact of the wind vector at altitude 
is modelled (i.e. the impact of head/tail winds and side winds). The effects that are not 
modelled are, for example, changes to runway choice due to wind direction, or changes 
to the flight trajectory to make best use of the wind (original flight plans are used). 
In the RAMS Plus software the flight profiles are a great circle approximation. A true 
great circle path is possible only if the flight changes direction every instant. A great 
circle path is approximated with a direction change at every given time or distance. The 
smaller the time or distance, the more direction changes are made and thus the closer 
the approximated path is to a true great circle. However, a modelling trade-off exists 
between the number of direction changes and system performance when calculating 
the flight profile. The direction changes are dictated by two factors, the number of 
navaids and sectors in the flight plan and default simulation parameters (ISA, 2002). 
Obviously, the number of navaids and sectors is a natural result of the fight plan and 
airspace definitions. On the other hand, the default simulation parameters exist to 
ensure great arc profiles for scenarios with flights that have long distances between 
navaids or sectors (i.e. 100 to 1000 nautical miles) (ISA, 2002). When computing flight 
profiles in RAMS Plus, flight points are inserted at a given time or distance interval to 
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approximate the great circle heading. This chosen value is important in large-area 
scenarios or traffic samples that may have large distances between navaids or sectors. 
A reasonable value, suggested by ISA (2002) is around 5 minutes or 25 nautical miles. 
Smaller values do not give much more accuracy, but slow down system performance. 
Therefore, in order to ensure that RAMS Plus made sufficient calls to the ATMOS utility 
for long flight profile segments and simulated them correctly, the great circle 
approximation was set to 25 nautical miles. This ensured the consistent application of 
wind along the flight profile, taking into account bearing changes.  
The first step in this sensitivity analysis was to compare changes in total fuel burn with 
wind field changes in different scenarios. Table 5-2 shows the total fuel burn values 
and percent changes with respect to the Control or “no wind” scenario. Results show 
that wind profile changes had a small impact on the total fuel burn of the traffic sample 
and that the largest change is for the Speed 100 scenario (i.e. doubling of wind speed 
compared to Met Office data). One possible reason for a limited net impact on the fuel 
burn changes may be due to tail winds cancelling out some additional fuel burn from 
head winds on return journeys. 
Table 5-2. Total fuel burn by scenario 
Scenario Fuel Burn (t) Change from Control (%) Change from Observed (%) 
Control 1394.27   
Observed 1398.36 0.293  
Speed 10 1398.78 0.324 0.030 
Speed 50 1400.38 0.438 0.145 
Speed 100 1403.17 0.639 0.344 
Dir 30 1399.20 0.354 0.060 
Dir 90 1398.06 0.272 -0.021 
Dir 180 1391.04 -0.231 -0.523 
However, there are additional possibilities. For example, typical winds in the S-E UK 
may not have a large effect on air traffic (unlike for example the jet stream). In addition, 
simulations were run with a single wind profile matching 12 GMT measurements when 
the lowest wind speeds are recorded. However, Figure 5-9 shows that the highest 
observed wind speeds are observed during low level traffic early in the morning and 
late during the day, suggesting that only a limited number of aircraft would have been 
actually exposed to these extremes. Therefore, application of the wind profile with 
temporal resolution and inclusion of a larger traffic sample would not largely influence 
the overall change in fuel burn.  
Since the examination of overall fuel burn effects appears to be masked, analysis of 
individual flights was conducted. The maximum decrease recorded for one flight is 
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approximately 12 percent (in Speed 100 scenario) while the largest increase is 
approximately 10 percent (Table 5-3). This indicates that although the average impact 
is small, some flights experienced a substantial change in fuel burn due to the wind 
field. Changes in wind direction showed a limited average impact on individual flight 
fuel burn. Flights that experienced any fuel burn alteration, due to wind direction 
changes, increased or decreased their fuel burn by  an average of 1.0 and 0.75 percent 
respectively. For flights that experienced an increase in fuel burn, the magnitude of 
change for all three scenarios with wind direction modifications (i.e. Dir 30, Dir 90, and 
Dir 180) is almost the same, with somewhat smaller values found in the Dir 180 
scenario of 0.66 percent. In addition, the wind speed modification scenarios result in 
increases or decreases of individual flight fuel burn almost linearly with respect to the 
magnitude of the wind speed increase.  
Table 5-3. Fuel burn changes of individual flights (Pilot Study traffic sample) 
Change from Control 
(%) 
Observed Speed 
10 
Speed 
50 
Speed 
100 
Dir 
30 
Dir 
90 
Dir 
180 
Average 0.22 0.30 0.43 0.65 0.37 0.29 -0.14 
Largest Increase 4.74 5.25 7.35 10.14 5.33 6.22 7.88 
Largest Decrease -6.45 -7.03 -9.25 -11.83 -4.38 -5.79 -5.18 
Average Increase 0.81 0.88 1.24 1.64 1.00 1.07 0.66 
Average Decrease -0.59 -0.63 -0.84 -1.09 -0.72 -0.81 -0.77 
Focussing on one flight, Figure 5-9 shows aircraft speed for the Control run (no wind) 
and Observed wind scenarios. There is an increase in the flight speed due to the 
introduction of the wind profile. In addition, Table 5-4 shows a comparison of fuel burn 
consumption for the same aircraft for its two legs of flight in these two scenarios. For 
example, the Observed scenario shows approximately a 2 percent decrease in fuel 
burn for one leg of the flight at flight level 310. The example shows that the only effect 
on fuel is from changes in the speed, so a reduced or increased time at a particular 
altitude/fuel burn rate will alter the fuel burn of an aircraft. In RAMS Plus fuel burn rates 
(kg per minute) are called from BADA input data, therefore the time in flight will affect 
total fuel burn. Figure 5-10 shows that the flight trajectory remains the same in both 
scenarios. Figure 5-11 shows the route for this flight, annotated with wind speed and 
direction for the two flight levels, therefore these figures show that the same wind 
speed and direction are applied to the legs of an each flight for the same altitude.  
Therefore, the cause of the change in fuel burn is the increased (or decreased) journey 
time. 
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Figure 5-9. Example of flight's speed change (Control vs Observed scenarios) 
 
 
Table 5-4. Example of fuel burn difference (Control vs Speed 100 scenarios) 
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310 71.52 7 327 419 0:03:24 131.37 420.64 0:03:19 128.57 -2.13 
330 71.52 14 260 419 0:01:48 96.21 408.64 0:01:48 95.82 -0.41 
WS = 7kts 
WD = 3270 
WS = 14kts 
WD = 2600 
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Figure 5-10. Example of flight's trajectory (Control vs Observed scenarios) 
 
Figure 5-11. Example of flight's altitude (Control vs Observed scenarios) 
5.2.3 Conclusions from the Pilot Study 
From the small-scale sensitivity analysis of RAMS Plus and the ATMOS model to wind 
changes, several conclusions can be drawn. First, RAMS Plus has the ability to model 
the wind impact on flight profiles. Second, the sensitivity test of the RAMS Plus and the 
ATMOS utility to the inclusion of wind has shown that net effects on the fuel 
consumption is small for the full sub-sample, but that the impact for individual flights 
WS = 14kts 
WD = 2600 
FL=330 
WS = 7kts 
WD = 3270 
FL=310 
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can be much larger. This finding suggests that analysis of wind impact changes on the 
UK Base Case traffic scenario should additionally investigate effects on individual 
flights. Overall, the results obtained from the pilot study provided an initial guidance for 
the further investigation of the effects of wind field changes for the UK Base Case air 
traffic scenario.  
5.3 UK Base Case wind impact analysis 
Using knowledge gained from the pilot study, an analysis of effects of the future wind 
field on fuel consumption, and hence CO2 emission, was conducted on the full UK 
Base Case traffic sample. Simulations were run using the traffic, route network, and 
sector data described in Chapter 4, which represents all UK 24-hour air traffic for 
Friday, 3rd September 2004 with 7074 flights. 
Drawing on the results gained in the pilot study and due to the uncertainty about future 
changes in wind speed and especially wind direction (Hassell et al., 2002), it was 
decided to focus only on the sensitivity to future wind speed change. Three simulations 
were run: one control run with no wind imposed (NoWind), one with wind imposed 
(Wind), using an observed wind scenario based on radiosonde observations as 
described before, and the third one with the observed wind speeds increased by 10 
percent (Wind10). In the absence of high quality wind forecast data, the Wind10 
scenario was chosen, rather than the more extreme wind increases used in the pilot 
study, as it is likely to offer a more realistic order of magnitude for wind changes in the 
medium term. The linear response to wind speed change indicated in the pilot study 
suggests this to be a valid approach for assessing the sensitivity to wind speed 
change.  
The analysis is done using the observed wind profile data from the Met Office. The day 
of the wind profile matched the day of the Base Case traffic sample to model the 
impact of wind on air traffic as closely as possible to the actual situation. Wind speed 
and direction data at standard pressure levels are derived from the Met Office 
radiosonde profile for Herstmonceux station (representative for the S-E conditions). On 
the day of the traffic sample, data is only available for two radiosonde launches from 
Herstmonceux, at 00 and 12 GMT. However, as mentioned in the pilot study the 
current version of ATMOS does not support temporal variation of the wind profile 
during the day. Therefore it was necessary to choose only one profile and to apply it to 
the 24 hour period. 
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Figure 5-12 represents changes of wind directions with altitude for the two observed 
profiles. For both the midnight and midday profiles, the wind is westerly. Figure 5-13 
shows wind speed changes with altitude. There are no large wind speed fluctuations 
observed in these wind profiles. For both profiles, the wind speed is in the range of 
approximately 17-30 knots at aircraft cruise altitudes (Figure 5-13). 
 
Figure 5-12. Wind direction vs altitude (Base Case analysis) 
 
Figure 5-13. Wind speed vs altitude (Base Case analysis) 
To allow modelling of the impact of wind on air traffic as closely as possible to the 
actual situation and since afternoon traffic is heavier than early morning traffic it was 
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decided to build the wind profile on measurements taken at 12 GMT. The wind profile 
was otherwise prepared in the same manner as in the pilot study. In summary, the final 
wind profile resolutions are as follows: 
1. time resolution: a single wind profile for the whole day; 
2. spatial coverage: one wind profile applied across the whole of the UK; and 
3. vertical resolution: wind change at 3000 ft intervals. 
The option to improve the vertical resolution of the wind profile by using measurements 
at every 1000ft was considered but rejected due to the large quantity of missing data. 
In addition, the use of only one station data location (i.e. Herstmonceux station at 
50.90° latitude and 0.32° longitude) is again based on the heavy traffic load in the S-E 
region of the UK. More than 60 percent of traffic is concentrated in this area. The data 
from more launch sites, to reflect any regional differences in wind patterns, could not 
be included due to a large amount of missing data (i.e. a large number of sites have 
very scarce data availability) and due to the assumptions required to interpolate a 
spatially continuous wind field from (sparse) single-site profile observations.  
5.3.1 Base Case traffic  
As with the pilot study, the net effect of wind speed on the fuel consumption of the full 
UK traffic sample is small. Table 5-5 shows that the percent change in fuel burn 
between the NoWind and Wind scenario is positive (indicating an overall increase). 
This is similar to the example in the pilot study, which can be explained by the similarity 
in the predominant wind direction at cruise levels of the wind fields applied. The Base 
Case traffic is constantly exposed to predominantly westerly winds (Figure 5-13). On 
the other hand, although the pilot study traffic has been exposed to predominantly 
easterly winds up to 24,000 feet (Figure 5-7), this is below the average cruising level 
for commercial aircraft (30,000-35,000 ft). Therefore, this easterly part of the wind field 
did not have a large influence on the change in fuel burn. In general, the magnitude of 
change in the net fuel burn in both cases is small. The impact of wind on the Base 
Case traffic sample is smaller than the pilot study impact possibly due to a larger 
number of flights in both directions, leading to tail winds cancelling out some additional 
fuel burn from head winds on return journeys. With the introduction of increased wind 
speeds the magnitude of change increases (same behaviour as the pilot study), 
however the net effect is still small. On the whole, the introduction of the wind profiles 
has a limited effect on the overall fuel burn.  
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Table 5-5. Fuel burn changes with introduction of wind profile (Base Case traffic 
sample) 
Scenario Total Fuel Burn 
(t) 
Change from NoWind 
(%) 
Change from Observed Wind 
(%) 
NoWind 14782.79   
Wind 14800.25 0.118  
Wind10 14805.37 0.153 0.035 
The finding from the pilot study suggests that the impact of a wind field change on the 
fuel burn could be larger for individual flights. Table 5-6 shows the average and largest 
changes in fuel burn for individual flights in the Base Case traffic sample. 
Table 5-6. Fuel burn changes of individual flights (Base Case traffic sample) 
Change (%) NoWind vs Wind NoWind vs Wind10 Wind vs Wind10 
Average Change 0.398 0.470 0.063 
Largest Increase 12.850 14.386 3.548 
Largest Decrease -9.731 -10.515 -3.342 
Table 5-6 shows that the average fuel burn change for individual flights that are 
affected is somewhat larger. The introduction of wind on average increased the fuel 
burn of flights by approximately 0.4 percent, while increased wind speed further 
increased this change by 0.06 percent on average. The highest decrease in fuel burn 
with introduction of the wind profile is approximately 10 percent, while the increase of 
wind speed increases this change to 10.5 percent. On the other hand, the largest 
recorded increase in fuel burn for an individual flight is 12.8 percent with introduction of 
the wind profile and approximately 14 percent with introduction of increased wind 
speed. However, the average change for flights that experience any fuel burn 
alteration, due to a wind field change, is still small (Table 5-6). As mentioned before, 
this may be the result of cancelling out of additional fuel burn of an aircraft by return 
flights experiencing the opposite wind direction. Nevertheless, the inclusion of wind in 
the simulation generally increases the fuel burn of flights affected. The difference 
between average fuel burn changes, with the normal and increased wind speed profile, 
however reflects the introduction of higher wind speeds.  
With respect to the first research objective it is important to focus on the impact of 
changes in the future wind field on CO2 emissions by aircraft. Therefore further analysis 
focuses on fuel burn changes with the introduction of increased wind speeds that may 
be experienced in the future (i.e. Wind vs Wind10 scenarios). 
The introduction of the wind field with increased wind speed affected all but 1.75 
percent of flights in the full UK traffic scenario (i.e. Wind vs Wind10). However, as 
Table 5-6 shows the average change in fuel burn is small (0.06 percent). Moreover, 
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total fuel burn of the traffic sample increased by approximately 0.035 percent. This 
finding suggests that there is only a minor impact of wind speed increases on the fuel 
burn and associated carbon emissions of overall daily traffic. 
Separate analysis of the aircraft with the largest changes in fuel burn between Wind 
and Wind10 scenarios, indicates that a very limited number of aircraft models 
experienced an increase or decrease of more than one percent. Those most affected 
by wind changes are light and small aircraft (e.g. British Aerospace AVRO146 (RJ1H), 
Cessna aircraft models, ATR-42, or Fokker 70). In addition, the analysis of routes with 
the largest changes in fuel burn between scenarios could not indicate any specific 
routes that are more vulnerable to wind changes than others for this traffic sample.  
As mentioned within the pilot study, due to the limitations of the RAMS Plus traffic 
scenario, it has been possible to model effects of wind profiles only within UK airspace. 
More precisely, wind effects on domestic flights are fully modelled, while effects on 
international flights are modelled to the edge of UK airspace. There is a possibility that 
percent changes in fuel burn for some long haul international flights would be much 
larger if their full flight trajectories were included. However, this assumption could not 
be tested since the detailed information about these flight trajectories and the area they 
use is available only for UK airspace. Due to this scenario limitation (i.e. unavailability 
of detailed traffic data outside UK airspace) it was decided to separately analyse only 
domestic flights for which the effect of wind can be fully modelled. More precisely, it 
was decided to perform additional in-depth analyses of domestic traffic to assess the 
impact of wind changes on aircraft fuel burn, in terms of aircraft type and flight routes. 
This focuses on the first research objective, which seeks to identify the impact of 
changes in the UK wind field on aircraft’s fuel burn.  
5.3.2 Domestic traffic 
As with the full UK traffic sample, the net effect of a wind speed change on the fuel 
consumption for domestic flights is small (Table 5-7). With the introduction of the wind 
profile, domestic traffic experienced a net decrease in fuel burn. This is opposite to the 
fuel burn change for the full UK traffic sample (Table 5-5). This difference is related to 
the different orientation of routes compared to the wind field. Increase in wind speed 
however leads to an increase in the total fuel burn. In other words, the magnitude of the 
decrease in fuel burn changes with the severity of the wind speed as more aircraft are 
forced to fly with a stronger head wind. Table 5-7 shows  that aircraft benefit more from 
the tail wind than the head wind penalty from other flights. Overall, with respect to the 
first research objective, the introduction of the increased wind speed increases the total 
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domestic traffic fuel burn by only 0.03 percent (Table 5-7). This indicates that there is 
only a limited impact of future wind speed changes on the net fuel burn of UK domestic 
traffic. 
Table 5-7. Fuel burn changes with introduction of wind profile (Base Case domestic traffic) 
Scenario Total Fuel Burn 
(t) 
Change from NoWind 
(%) 
Change from Observed Wind 
(%) 
NoWind 1713.89   
Wind 1713.36 -0.031  
Wind10 1713.88 -0.001 0.030 
Table 5-8 shows that the largest changes in fuel burn for individual flights with the 
introduction of the increased wind speed profile are smaller then those found during 
analysis of the overall Base Case traffic (i.e. domestic plus international). The largest 
decrease in fuel burn, with the introduction of the increased wind profile is 
approximately 2.3 percent while the largest recorded increase in fuel burn is 
approximately 3.5 percent. In addition, the average change for flights that experience 
any fuel burn alteration, with the introduction of the wind field with increased wind 
speed is small (0.08 percent), but somewhat larger than the average change in the 
overall Base Case traffic sample (Table 5-6). The average decrease in fuel burn for 
those flights that experience a decrease is around 0.25 percent, while the average 
increase for flights that have an increase is approximately 0.33 percent. This suggests 
that the impact on net fuel consumption for wind changes is small.  
Table 5-8. Fuel burn changes of individual flights (Base Case domestic traffic) 
Change (%) Wind vs Wind10 
Largest Decrease -2.251 
Largest Increase 3.548 
Average Change 0.081 
Average Decrease -0.246 
Average Increase 0.332 
Analyses of the impact of wind changes on aircraft fuel burn, in terms of aircraft type 
and flight routes, have been conducted for domestic traffic but did not identify 
particularly vulnerable aircraft types or routes. A limited number of aircraft models 
experienced a decrease or increase of more than one percent with an increase in wind 
speed. The aircraft most affected by a wind increase are the Embraer 145 and ATR-42 
(i.e. small, medium size aircraft). In addition, to highlight how this impact is limited, 
analysis of a number of aircraft affected by the wind speed increase revealed that only 
48 aircraft experienced changes in their fuel burn greater than +/- 1 percent. Additional 
analysis of fuel burn changes with respect to flight routes could not indicate any 
specific route orientations that are more sensitive to wind field changes than others.  
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Overall, the domestic traffic analysis suggests that with the application of the observed 
wind profile for the UK S-E region, the net fuel burn changes are small. The increased 
wind speed scenario does not have a large effect on domestic traffic as a whole 
however, the impact on individual flights can be somewhat larger. The most affected 
aircraft are small aircraft. However, there is no specific dependency on the route flown.  
5.4 Summary of findings 
The sensitivity analysis of the RAMS Plus software to wind speed and direction 
changes revealed the model’s ability to estimate the impact of introducing wind profile 
data on a flight. The impact of future wind field changes on the Base Case traffic 
sample fuel burn has been assessed with a wind scenario and with an increased wind 
speed that can be expected in the future. The UK Base Case air traffic sample was 
analysed with a wind profile with increased wind speeds by 10 percent compared to the 
ones experienced at present.  
It has to be noted however, that the main limitation of this analysis is the use of only 
one site for wind data for the whole of UK airspace (i.e. Herstmonceux station). The 
choice of using only one station was based on the heavy traffic load in the S-E region 
of the UK (approximately 60 percent of traffic concentrated in this area) and incomplete 
radiosonde wind data elsewhere. Although this wind profile is the best representative of 
the S-E UK wind profile there is a possibility that a better resolution of the wind profile 
could lead to larger changes in the fuel burn. Several attempts to improve the vertical 
and spatial resolution of the wind profile (i.e. inclusion of other station data, or spatial 
interpolation of the Herstmonceux station wind profile) were made, but abandoned due 
to sparse or missing data (i.e. vertical measurement of radiosonde and other stations 
wind profile data). In addition, due to the current functionality of the ATMOS Weather 
Model it was not possible to incorporate temporal resolution into the wind profile. 
Finally, due to limitations of the RAMS Plus traffic scenario, it was possible to only 
model the effects of the wind profile within UK airspace. Wind effects on domestic 
flights were fully modelled, while effects on international flights were modelled only to 
the end of UK airspace. This shortcoming of the simulation scenario did not affect the 
research objective (i.e. to analyse the impact of wind field changes in the UK on aircraft 
fuel burn). 
By modelling the effects of wind on a full flight trajectory it is possible that percent 
changes in fuel burn for some long haul international flights could be much larger. More 
precisely, the possible wind changes might affect flights to and from the UK, but 
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outside UK airspace, and therefore additionally increase or decrease fuel consumption. 
In particular, shifts in the location and strength of the jet stream could have a much 
larger impact on fuel burn. While the wind speeds vary averaging 30 knots in summer 
and 65 knots in winter the jet stream wind speed can be 3-4 times more than the 
normal expected wind speed at cruise altitudes. Technically, a wind speed higher than 
70 knots is considered to be the jet stream (FAA, 2006). The upper-level jet stream at 
altitudes of 30,000 feet can reach speeds above 100 mph regularly and 200 mph 
occasionally. The average jet stream wind speed in wintertime over the northern 
hemisphere is approximately 110-140 knots, at altitudes of 20 to 40 thousand feet 
(Geer et al., 1996). To give an indication of how much bigger the effects of the jet 
stream on fuel burn may be the extreme jet stream wind speed at cruise altitude can 
approach 300 mph. However, while this issue is beyond the scope of this analysis and 
could not be tested due to the lack of available data, it represents an area for future 
work. 
Nevertheless, the analysis of the impact of the observed S-E UK wind profile on the UK 
Base Case traffic sample revealed that the net effects on fuel consumption (and 
associated carbon emissions) are small for the full sample; impacts for individual 
flights, however, can be much larger. With the increased wind speed profile the net 
effect of wind profile changes on fuel consumption remained small. The net effect is 
negligible (approximately a 0.035 percent increase in fuel burn). Although less than two 
percent of flights were unaffected by the change in wind speed (Wind vs Wind10), the 
analysis still reveals only a small impact of a wind speed increase of this magnitude on 
the fuel burn of UK air traffic. Additional analyses of fuel burn changes by aircraft 
model, type and flight route confirmed that light and small aircraft are most vulnerable 
to wind changes, but no specific flight routes that may be particularly vulnerable to the 
wind profiles applied were identified. Overall, the analysis of fuel consumption changes 
to the inclusion of wind profile data indicates that the magnitude of changes in wind 
speed estimated in this analysis will not have a major impact on the overall fuel burn 
(and hence CO2 emissions) within the UK.   
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6 Analysis of weather-related delays 
This chapter addresses the close connection between air traffic delays and weather 
conditions using UK data. This analysis represents an overview of the delay situation in 
the UK, caused by weather, for the period starting January 2001 and ending May 2006. 
Moreover, the chapter starts with an analysis of observed UK weather-related delays, 
which indicates a case study of Heathrow Airport as suitable for an in-depth analysis of 
these delays. The rationale behind this selection is explained. The most important 
weather parameters affecting Heathrow weather-related delays are highlighted. The 
findings from this analysis are used as an input for the Heathrow weather delay 
modelling presented in Chapter 7. 
6.1 Background to the problem  
As discussed in Chapter 2, adverse weather conditions can have a large impact on air 
traffic operations. In order to investigate the impact of future weather conditions due to 
changing climate, it is important to understand their current impact on air traffic 
operations. Weather conditions may compromise safety, efficiency and timeliness of air 
traffic operations. The most common effect of adverse weather conditions on air traffic 
operations is air traffic delays. Therefore, in order to gain a better understanding of the 
connection between air traffic delays and weather, an analysis of UK weather delays is 
conducted. 
6.2 Data 
Data used in this analysis have been provided by Eurocontrol’s1 Central Office for 
Delay Analysis (CODA), a service of the European Air Traffic Management Programme 
(EATMP). The analysis is based on weather-related delay data supplied by the 
Eurocontrol Central Flow Management Unit (CFMU) and airline data from Enhanced 
CODA (eCODA).  
                                                
1 EUROCONTROL is the European Organisation for the Safety of Air Navigation. 
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The purpose of the CODA is to provide interested parties with timely, consistent and 
comprehensive information on the air traffic delay situation in Europe. The CODA 
publishes regular and ad-hoc reports and analysis on air transport delays due to all 
causes (Eurocontrol, 2006a). With these reports, an overall picture of the delay 
situation can be provided based on a variety of external data sources to complement 
CFMU data. The CODA activity is ECAC-wide2. Published reports are available both in 
printed form, and by web site access to the enhanced CODA system (eCODA).  
The CODA data is supplied by airline operators and includes information on delay 
causes based on International Air Transport Association (IATA) delay codes. The data 
set contains the scheduled and the actual pushback times, actual take-off time, actual 
landing time, and scheduled and actual gate arrival times often referred to as Out, Off, 
On, In (OOOI) data. Furthermore, it contains IATA delay codes for up to five causes of 
delay. Although CFMU delay data (Air Traffic Flow Management (ATFM) regulations) 
only records primary delay causes, CODA data also reports reactionary delays. 
Airline data from the eCODA are based on real recorded delays. The eCODA aims to 
provide information on all delay causes, one week after the end of each calendar 
month. This is facilitated by the excellent co-operation between Eurocontrol and aircraft 
operators who supply eCODA with the necessary data. Together with ATFM data from 
the CFMU, they enable production of a different variety of reports (Eurocontrol, 2006a). 
The data consist of total weather related flight delays and average delays per flight that 
departed or landed at UK airports on a given day. Only delays reported by participating 
airlines at a given moment are provided. Table 6-1 summarises the percent of total 
traffic covered by reporting participating airlines for all UK airports and separately for 
Heathrow in the period 2001 - 2006. 
Table 6-1. CODA delay coverage 
CODA delay coverage  
(% of total traffic) 
2001 2002 2003 2004 2005 2006 (first half) 
UK 7.3 28.7 28.5 43.5 41.7 50 
Heathrow Airport 21 66 68 72 67 69 
Each record has the number of affected flights, the number of affected airports, and the 
location where the delay occurred (in the vicinity of the airport or en-route). Weather 
caused delays are coded by IATA Delay Codes (see Eurocontrol, 2007b). Information 
                                                
2 The European Civil Aviation Conference (ECAC) covers the widest grouping of Member States 
of any European organisation dealing with civil aviation. Currently it is composed of 42 Member 
States. 
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on whether the flight was arriving or departing from the UK is available, as is the total 
number of departures or arrivals affected by all IATA weather codes at the airport.  
6.2.1 Delay categories 
To determine why an aircraft departed late, IATA created a list of standardised delay 
codes reflecting who is responsible for the delay and who will be penalised for it. Delay 
codes are grouped into nine categories where adverse weather conditions represent 
only one. Overall, the biggest problem is to attribute delays to their causes and to 
assign them to an appropriate IATA delay group. The category reserved for weather 
caused delays allows distinguishing between delays at: 
• Departure Station (code 71); 
• Destination Station (code 72); 
• En-route or Alternate (code 73); 
• De-icing of aircraft, removal of ice and/or snow, frost prevention excluding un-
serviceability of equipment (code 75); 
• Removal of snow, ice, water and/or sand from airport (code 76); 
• Ground handling impaired by adverse weather conditions (code 77); 
• ATFM due to weather at destination (code 84). 
The definition of the CFMU ATFM departure delay is based on the difference between 
the scheduled departure time3 and the calculated departure time (given by CFMU). An 
ATFM restriction (code 84) is imposed by CFMU due to weather conditions at the 
destination airport. 
Although this grouping system seems very straightforward, a number of weather 
caused delays are not attributed to weather conditions. For example, when the CFMU 
assigns a new slot due to adverse weather conditions at a destination airport, the 
resulting delay is attributed to code 81 (ATFM restrictions, standard demand/capacity 
problems). Consequently, the main cause of the problem gets lost in this coding 
process. Another example might be a flight waiting for crew, passengers, or cargo of 
another aircraft that is delayed by adverse weather conditions at a departure airport or 
en-route. What happens is that the waiting aircraft will depart with a delay as well, 
although a delay code from group 90 will be assigned. Again, the true cause (i.e. 
adverse weather conditions) will get lost in the coding process. It is clear from these 
examples that fewer weather related delays are recorded than actually occured. These 
issues have to be taken into account when interpreting the results of the data analyses.  
                                                
3 The time that an aircraft is scheduled to depart from its parking position. 
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6.3 Delay analysis  
The dataset provided by Eurocontrol contains more than 25,000 records of reported 
weather-related delays in the UK from January 2001 to May 2006. These delays were 
reported by participating airlines, together with their related causes. Over 7200 of these 
reports (28.3 percent of the total) are associated with Heathrow airport, either as a 
departure or as an arrival point. Manchester and Gatwick airport follow with 
approximately 10 percent each. However, in terms of total delay minutes, Heathrow 
airport’s share is approximately 58 percent of all UK weather-related delays. This is 
again followed by Manchester and Gatwick airport with approximately 7.5 percent 
each. 
Since the South East region of the UK is the busiest UK region in terms of traffic it is 
expected that the share of the five London airports represents a significant portion of 
total UK weather related delays. These airports operate at maximum capacity most of 
the time and therefore even small changes in weather conditions can significantly 
impact their operations. Figure 6-1 below shows that over 70 percent of the UK 
weather delay minutes can be assigned to these five airports. 
 
Figure 6-1. London Airports vs other UK airpots – total 2002-2006 (delay minutes in 1000) 
Due to the large share of Heathrow airport in the distribution of total UK weather-
related delays, it was decided to focus further analyses on only Heathrow airport. As a 
result, the connection between air traffic delays and weather conditions is investigated 
using Heathrow as an example.  
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6.4 Heathrow airport weather delay analysis 
6.4.1 Rationale for the Heathrow airport case study  
Findings from the analysis of the overall UK weather delay led to the decision to 
concentrate on an analysis of Heathrow weather related delays and their 
characteristics. The rationale behind this decision is based on several facts. First, 
Heathrow is the UK’s largest airport with the most Air Transport Movements (ATMs). 
Heathrow accounts for more than 20 percent of the UK’s ATMs (CAA, 2006a). Traffic 
disruptions at Heathrow airport have a huge impact on air traffic in Europe and the 
North Atlantic corridor. Depending on the time span between arrival and following 
departure, the delay may either be reduced or passed to the next flight. Therefore, 
delays may be carried forward to subsequent destinations. In cases of widespread 
occurrence of severe weather, such as thunderstorms, delays may be carried forward 
to many destinations in a larger region. In general, the delays generated at larger 
airports, such as Heathrow, may be carried along the flight path to other airports. In 
addition, Heathrow’s share of total UK weather caused delays (measured in minutes) is 
approximately 60 percent. Finally, Heathrow airport has the largest CODA coverage 
within the UK (Table 6-1). The CODA airline coverage represents the percent of total 
traffic covered by participating airlines.  
The Heathrow airport case study represents an overview of the weather related delays 
from January 2001 to May 2006. This focuses on the connection between delays and 
weather conditions at Heathrow airport. In addition, detailed characteristics of weather 
delays are given as well. 
The following section explains the analysis conducted of Heathrow weather caused 
delays. The analysis starts with an overall look at Heathrow weather delays throughout 
the studied period. This is followed by several distinct analyses of weather delays 
connected with Heathrow weather conditions. These include analyses per IATA 
weather delay code, location of occurrence, and separate analysis in relation to 
departing and arriving traffic. The final part of this section summarises the findings. 
6.4.2 Heathrow weather delays 
Figure 6-2 shows the distribution of Heathrow’s total delay minutes for the period 
covered by the dataset. It is necessary to highlight once again that these are only 
delays reported by CODA participating airlines, which have changed throughout the 
years. As previously explained, this suggests that fewer weather delays are recorded 
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than actually occurred. For that reason, reported weather delays are weighted by traffic 
coverage. The red line represents recorded weather delays for the studied period. 
Using Heathrow airport CODA delay coverage (Table 6-1), reported delays are 
increased accordingly to get an approximation of total delay minutes (represented by 
red dashed line in Figure 6-2). 
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Figure 6-2. Weather related delays and air transport movements at Heathrow  
for period January 2001 - May 2006(1000 min) 
Additionally, Figure 6-2 also shows the existence of seasonal variations in delay 
minutes. These variations can be partly explained by seasonal variation in ATMs. The 
UK CAA’s Airport Statistic tables are used to produce Heathrow’s distribution of ATMs 
(represented by the black line in Figure 6-2) from January 2001 to May 2005 (CAA, 
2006a)4. However, seasonal variations in delay minutes to some extent hide variation 
in weather conditions as well. Winter months, December and January, have the highest 
peaks throughout the studied period. On the other hand, ATMs for winter months are 
considerably lower compared to the summer season. This suggests that these peaks 
are influenced by adverse weather conditions.  
Figure 6-3 shows the percentage of days per month when certain important weather 
conditions were reported at Heathrow from 1972 to 1996 (UK Meteorological Office, 
2006c). Bars on the figure represent weather conditions, such as fog, thunderstorms, 
and snow. In addition, the same figure shows total monthly weather delays derived 
from the Eurocontrol dataset (represented as a line in Figure 6-3).  Once again, Figure 
6-3 identifies winter months as periods with the most weather related delays. The 
monthly percent of days with reported weather conditions and total weather delays per 
month have a similar distribution. This suggests that these delays are related to 
weather conditions at Heathrow airport.  
                                                
4 In May 2004 ten new entrants were admitted into the European Union. These countries are 
shown in Airport Statistics tables as EU countries with effect from the January 2005 
Monthly tables and the 2004 Annual tables.   
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Figure 6-3. Heathrow Airport weather percentage chart 1972-1996 and  
weather-related delays per month 2001-2006 (1000 min) 
6.4.3 Delay analysis by cause 
Analysis of weather caused delays at Heathrow airport shows that the most frequent 
reported cause of delay is ATFM due to Weather at Destination with 34.5 percent of the 
total (Figure 6-4). This cause refers to CFMU imposed flight delay due to airport and/or 
runway restrictions from weather conditions at the destination airport. This restriction is 
imposed as a reduced traffic flow rate (e.g. reduction of 40 percent).  
 
Figure 6-4. Heathrow reported delays by IATA delay code (Jan 2001 - May 2006) 
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The next most frequent reported weather delay cause is Departure Station which refers 
to weather conditions below aircraft operating minima5 at the airport of departure (22.5 
percent). These restrictions are determined by airlines operating from Heathrow airport. 
In addition, De-icing of Aircraft is responsible for 19.1 percent of reported delays. 
However, in terms of severity of impact (i.e. delay minutes), the split of these reported 
delays looks different. The largest share of delay minutes are again related to the 
ATFM due to Weather at Destination, however this time the share is much larger. 
Figure 6-4 shows that almost 60 percent of total delay minutes belong to this category. 
In addition, 19.7 and 11.5 percent of delay minutes originate from the Departure Station 
and De-icing of Aircraft, respectively.  
 
Figure 6-5. Heathrow reported delays by IATA delay code in minutes  
(Jan 2001 - May 2006) 
6.4.4 Delay analysis by flight phase 
CODA reported weather delays extracted for the Heathrow airport can be separated 
into airport and en route related delays. Airport related delays represent 74.5 percent of 
the total reported delays or 91 percent of total delay minutes. On the other hand, only 
25.5 percent of the total reported delays (or approximately nine percent of total delay 
minutes) originate from en route traffic (Figure 6-6).  
                                                
5 A weather minima is a criteria that governs whether a particular aircraft under the control of a 
particular pilot may take off or land at a particular airport. These include runway visual range 
(RVR) and critical height for a landing, and RVR and cloud ceiling for takeoff. A variety of 
weather minima may be simultaneously in force at the same airport. 
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Figure 6-6. Heathrow weather delays by location (1000 min) 
The share of weather delays, between airport and en route, has not changed much 
throughout the years. The year on year trend shows a steady share with most of the 
delay minutes related to airport operations (Figure 6-7). In addition, total Heathrow 
reported delays are presented in Figure 6-8.  
 
Figure 6-7. Share of Heathrow airport and enroute related delays per year  
(by total delay minutes) 
 
Figure 6-8. Heathrow total delays per year (1000 min) 
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However, airport and en route weather related delays represent only one portion of 
total airport and en route ATFM delays. Looking at the total ATFM delays in Europe, 
split between airport and en route delays looks quite different (Figure 6-9). Throughout 
the years en route delays had a larger portion of total ATFM delays. However, in the 
past few years, the proportion of airport delays in Europe is increasing. In 2005 there 
was an equal split between total ATFM airport and en route delays (Eurocontrol, 
2006a). 
 
Figure 6-9. Proportion of airport delay in Europe (Source: CFMU ATFM Data) 
It is important to have all these facts in mind when discussing the large proportion of 
weather delays related to an airport. These can only suggest that take-off and landings 
are affected the most by weather conditions. For this reason airport weather related 
delays at Heathrow are further investigated in the next section together with an 
analysis of arriving and departing traffic.  
6.4.5 Airport weather delays 
Overall, weather is becoming a dominant cause of delay in Europe (Figure 6-10). In 
2005 weather accounted for 27 percent of total ATFM delays, and for 45 percent of 
airport delays (Eurocontrol, 2006a). Generally, the weather impact is strongest during 
take-off and landing, as wind shear, fog, heavy snowfall, rain and low visibility have the 
most severe effect on these stages of flight. 
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Figure 6-10. Causes for delays at European airports (adapted from Hauf & Rohner, 2006) 
Figure 6-11 shows that more than 70 percent of total weather related delay minutes at 
Heathrow are due to adverse weather conditions at Heathrow itself. The biggest share 
of these delays belongs to arriving traffic (53.4 percent) due to CFMU restrictions. 
These delays are induced by reduced acceptance rates at Heathrow airport due to 
weather conditions. Weather conditions at Heathrow influence departing traffic as well. 
Approximately 20 percent of delays can be attributed to departing flights, either due to 
weather below aircraft operating minima or de-icing.  
 
Figure 6-11. Airport related weather delays for Heathrow 
Figure 6-12 shows the split between delays of arriving and departing traffic to/from 
Heathrow airport. The split of the total reported delays, by number, between airport and 
en route is similar for departing and arriving traffic, namely 40 and 60 percent 
Chapter 6  Analysis of weather-related delays 
 90 
respectively. However, when looking at the share of the total delay minutes, almost 70 
percent originates from arriving traffic. Visible fluctuations in this share exist for the 
years 2002 and 2003 (Figure 6-12). To get a better insight into what are the causes of 
these delays, departure and arrival delays are analysed separately using IATA weather 
delay codes.  
 
Figure 6-12. Heathrow traffic delays per year (by total delay minutes) 
6.4.6 Analysis of departure delays 
Reported departure delays of flights out of Heathrow, for the period from 2001 to 2006, 
are analysed by IATA weather delay codes (Figure 6-13). The greatest share of delay 
minutes (35.9 percent) originates directly from weather conditions at Heathrow, when 
weather conditions at the departure station did not allow a safe take-off.   
De-icing of aircraft, removal of ice, snow, and frost prevention excluding un-
serviceability of equipment accounts for almost 24 percent of delays. Snowfall or 
freezing rain leads to the necessity of de-icing of aircraft. It leads to removal of snow 
and ice from the runways as well and these accounts for only 0.3 percent of delays. In 
addition, the direct influence of adverse weather conditions on ground handling is less 
than two percent. These delay codes account for the prevention of aircraft fuelling 
during lightning or during problems at gates or taxiways. Therefore, it can be concluded 
that just over one quarter of delays shown in Figure 6-13 (26.18 percent) are caused by 
airport ground operations affected by adverse weather conditions. 
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Figure 6-13. Heathrow departure delays by weather IATA delay code 
The 37.9 percent of reported delays that originate from all other causes. This may 
include fog at the destination airport or thunderstorms experienced en route. The 
biggest share of these delays, not related to the departure station, are ATFM 
restrictions due to weather conditions at the destination airport. These restrictions are 
imposed by CFMU due to reduced arrival rates at destination airports and account for 
27.98 percent of delays. Approximately six percent (5.78) of delays originate from code 
72, when weather conditions at a destination airport were below aircraft operating 
minima. In addition, only 4.14 percent of delays result from adverse weather conditions 
enroute, which would not guarantee a safe and scheduled landing.  
6.4.7 Analysis of arrival delays 
For delayed departures, as explained before, airlines have delay codes covering all 
types of causes that may cause a delay. However, for delayed arrivals, usually no 
records of the reasons are recorded. The causes of why aircraft arrive late are not well 
documented. Arrival delays may be produced at the departure airport or en-route, 
during approach or while in holding. It is also not recorded whether an arrival delay is 
caused by adverse weather conditions or by technical problems. Overall, all reasons, 
for which a departure delay can be attributed, could also be a reason for an arrival 
delay. 
Figure 6-14 shows delays of flights flying to Heathrow, which reported delays through 
CODA, in the period from 2001 to 2006. As expected, due to lack of distinction 
between causes of the delay, the largest share of delays are attributed to ATFM due to 
Weather at Destination. Besides weather conditions at the departure station (12.41 
percent), all other reported causes are quite small. 
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Figure 6-14. Heathrow arrival delays by weather IATA delay code 
In order to obtain an insight into what causes ATFM restrictions due to weather at a 
destination, a second database is used. This database, provided by Eurocontrol, 
includes restrictions imposed by the CFMU on Heathrow’s Acceptance Arrival Rate 
(AAR)6. The database contains reported weather restrictions for Heathrow arrivals, 
together with the associated weather problem and their duration. The database covers 
the period from February 2003 to mid-May 2006.  
Delays are often caused by the response to predicted weather events rather than by 
the weather itself. Much of the ATFM delay was caused by cancelled restrictions after 
the weather had improved (or a predicted problem had not materialised). In other 
words, even after exceptional events (e.g. snow or freezing rain) impacts on airport 
capacity may be substantial and sustained, even though current weather conditions 
may be excellent.  
Around 50 percent of all Heathrow’s ATFM restrictions are cancelled before they expire 
(British Airways, 2005). In 2003, 46 percent of Heathrow ATFM delays were due to 
cancelled restrictions, a rise from 40 percent in 2002. When an ATFM regulation is 
applied, it is set for a long duration, on average 403 minutes in 2003 (6 hours 43 
minutes). On average the restrictions are cancelled 146 minutes (2 hours 26 minutes) 
before they expire (British Airways, 2005). 
The average duration of weather restrictions at Heathrow Airport, according to 
Eurocontrol’s dataset for the period from February 2003 to mid-May 2006, is 447.63 
minutes (7 hours and 27.63 minutes). The breakdown of average duration per year is 
shown in Figure 6-15. 
                                                
6 The number of aircraft that an airport can accommodate for landing during a given time frame. 
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Figure 6-15. Duration of Heathrow weather regulations (average per year in minutes) 
Although the average duration of a restriction is more than 7 hours (447.63 minutes), 
the distribution of weather restrictions shows two peaks. The first peak appears to be 
for a duration of 340 minutes and the second for a duration of approximately 930 
minutes (Figure 6-16). 
 
Figure 6-16. Distribution of Heathrow weather related restrictions 
British Airways (2005) reports that weather was the main cause of Heathrow’s ATFM 
delays in 2003, with wind accounting for 44 percent of regulations, low visibility and fog 
accounting for 24 percent, whilst the rest is undetermined or due to multiple causes. 
This report further states that weather accounted for 65 and 91 percent of ATFM arrival 
delays in summer and winter 2004 respectively. 
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Analysis of CFMU imposed restrictions on Heathrow AAR reveals that wind remains 
the main cause of regulations even beyond 2003. Approximately 55 percent of all 
reported restrictions (2003-2006) are due to strong winds. This is followed by 
thunderstorms and low visibility, with approximately 13 and 12 percent respectively 
(Figure 6-17). The situation is similar when looking at the total duration of restrictions in 
minutes. The biggest share still belongs to strong winds, accounting for more than 56 
percent (Figure 6-18). 
 
Figure 6-17. Total duration of weather restrictions at Heathrow  
for period February 2003 - May 2006 (1000 min) 
 
Figure 6-18. Frequency of weather restriction at Heathrow (February 2003 - May 2006) 
6.5 Summary of findings 
In order to gain a better understanding of the connection between air traffic delays and 
weather, an analysis of UK weather delays is conducted. This analysis highlighted 
Heathrow airport as being suitable for an in-depth analysis of weather delays.  
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The analysis of observed (reported) Heathrow weather delays revealed several 
important findings. There is a measurable connection between air traffic delays and 
weather conditions at Heathrow airport. More than 90 percent of total delay minutes are 
due to weather at the airport, rather than en-route weather conditions, indicating that 
the weather impact is strongest during take-off and landing. In addition, the analysis 
revealed that the most reported and most damaging IATA weather related delay is 
ATFM due to Weather at Destination. Approximately 60 percent of total delay minutes 
refer to this category and directly suggests that airport operations were reduced due to 
weather conditions at the destination airport.  
Departing traffic was mostly delayed by weather conditions at the airport itself (35.9 
percent) or by airport ground operations affected by adverse weather (26.18 percent). 
In addition, 74.24 percent of arriving traffic was delayed as a result of imposed ATFM 
restrictions due to weather conditions at Heathrow. Average duration of these 
restrictions for Heathrow airport, in the period from February 2003 to mid May 2006, is 
found to be over seven hours. Lastly, strong winds are identified as the most frequent 
cause of weather restrictions at Heathrow as shown in Figure 6-18. Overall, strong 
winds were responsible for approximately 55 percent of imposed restrictions on the 
Heathrow AAR (i.e. airport arrival flow rate). In 2006, they were responsible for more 
than 80 percent of imposed weather restrictions. 
However, due to the limited information available, this analysis could not analyse all 
possible weather parameters causing air traffic delays at Heathrow or their level of 
impact. Therefore, additional analysis using daily weather delay information is 
presented in the following chapter. Overall, the findings from this analysis informed the 
modelling of Heathrow weather-related delay in Chapter 7 that is focussed on building 
a model to forecast future delays as climate changes. 
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7 Heathrow weather delay analysis 
The previous chapter addressed the close connection between air traffic delays and 
weather conditions using UK data. The analysis of observed UK weather related 
delays, in Chapter 6, indicated that a case study of Heathrow Airport might be suitable 
for an in-depth analysis of these delays. However, due to the limited information 
available, the analysis of observed Heathrow weather delays could not analyse all 
possible weather parameters causing air traffic delays at Heathrow or their level of 
impact. Therefore, additional analysis was necessary. This chapter starts with 
statistical analysis used to test various hypotheses of what type of weather conditions 
affect Heathrow delays using daily weather delay data. A statistical analysis is 
performed to determine the most important weather parameters associated with 
weather-related delays at Heathrow. These statistical models are then used to estimate 
the level of changes in future weather-related delays from changes in the most 
influential weather-related delay factors. Overall, different modelling techniques were 
tested to model weather-related delays at Heathrow airport and are discussed within 
the chapter. The chapter concludes with a summary of findings.  
7.1 Model of Heathrow Airport weather delay  
Due to significant air traffic fluctuations after September 11th 2001, it was decided to 
exclude data for the year 2001 from the analysis and to concentrate on the period from 
January 2002 to May 2006. This period contained 1502 days during which flights 
arriving or departing Heathrow airport had experienced delays due to weather 
conditions. Out of these, only 999 days have been connected with weather conditions 
at Heathrow airport. In other words, approximately 37 percent of days in the examined 
period (579 days) had no reported delays due to weather conditions at Heathrow 
airport.  
Due to the nature of available air traffic delay data for Heathrow airport, it was possible 
to select several response variables to represent the air traffic delay situation at the 
airport, such as:  
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• Number of flights per day delayed due to weather (NFD),  
• Percent of flights delayed (of the total number of flights on that day) per day due 
to weather (PDF),  
• Percent of flights delayed (of the total number of flights affected by weather) 
(PDF-Wx), and 
• Average delay per flight due to weather (ADF). 
Since the data sample available for modelling contains only aggregate per day 
weather-related delays it was decided to focus on the response variable that will be 
most useful for air transport management purposes. The possible response variables 
ADF and PDF-Wx, were rejected due to lack of meaningful operational use1. The ADF 
was rejected due to the fact that the final model would not be able to point to which 
flights are likely to be delayed. Similarly, PDF-Wx was rejected since operationally it is 
not possible to determine the number of flights that are going to be affected by the 
weather in the future. For this reason, it was decided to focus on either NFD or PDF. 
Both variables can give information about the level of airport disruption due to 
anticipated weather conditions. Since both predictors (i.e. NFD and PDF) similarly 
explain this level of disruption, it was decided to focus solely on PDF. 
Further examination of the response variables showed that PDF is positively skewed 
and contain a substantial proportion of zeroes (Figure 7-1). Since it was more 
reasonable to consider the zeros as indicators of cases without a problem (i.e. no 
weather related delay), a common method for analysing this type of data is a two-part 
model.  
                                            
1 Modelling with both ADF and PDF-Wx, as response variables, was tested, however rejected at 
the end due to bad model fit in addition to the lack of meaningful operational use.    
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Figure 7-1. Histogram of percent of flights delayed by weather conditions at Heathrow 
(January 2002-May 2006) 
The modelling consisted of three stages. The first stage involved creating two sets of 
data from the original: one showing whether or not the weather delay was present and 
the other indicating the PDF when weather delay was present. The second stage 
involved modelling of the occurrence of weather-related delay using logistic regression 
(first set of data), and separately modelling the PDF data using ordered probit 
regression (second set of data). Both models express a functional relationship between 
air traffic delays, as the response variable, and relevant weather variables of which 
some are continuous (e.g. minimum temperature) and some categorical (e.g. seasonal 
dummies or weather indicators). Finally, the third stage involved combining the two 
models to enable an estimation of the expected weather-related delay situation for a 
set of relevant predictors. 
The following section starts by presenting the rationale used to select potential 
predictors. This is followed by model fitting or the choice of the optimal statistical model 
defined through a set of predictors that best describe the daily airport weather-related 
delay. Finally, the discussion of the modelling concludes with a summary of key results. 
The overall modelling framework used in this chapter is presented in Figure 7-2. 
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Figure 7-2 A framework for modelling of weather-related air traffic delay 
7.1.1 Potential predictors 
This section details the process undertaken to select potential predictors of airport 
weather related delay. This selection is informed by the findings from the past 
literature, available observed data on weather elements or phenomena in the UK from 
the UK Meteorological Office (Met Office) Land Surface Observation Database MIDAS 
and the US National Oceanic and Atmospheric Administration (NOAA) Global 
Summary of Day (SOD) database, and by the findings from the Heathrow weather 
delay analysis (Chapter 6). 
In addition, additional dummy variables are used to control for seasonal variations in 
weather conditions (i.e., spring, summer, autumn, winter), for variations in traffic 
volume, weekend/weekday and holiday, and additional causes of delay at Heathrow 
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airport (i.e., NoInfo, OnlyWeather, OtherDelayCause). To account for the traffic volume 
at Heathrow airport, the total daily number of air transport movements is included using 
data provided by NATS. 
The preliminary investigation into weather related delays highlighted several weather 
elements or phenomena that can have an impact on safety, efficiency and timeliness of 
air traffic operations. As discussed in Chapter 2, adverse weather phenomena and 
their impacts can vary from airport to airport, or region to region. Therefore, the model 
of Heathrow weather delays should include the predictors relevant for the UK region 
and particularly for Heathrow. Furthermore, using the findings from Hauf (2002), Hauf 
et al. (2005), and Hauf and Röhner (2006) potential predictors for the models of airport 
weather delay can be identified (see Table 2-1, Chapter 2). Since models aim to 
develop a functional relationship between the delay as the response and the relevant 
weather variables, this analysis will test those predictors suggested by Hauf (2002), 
(Table 7-1). 
Table 7-1. Potential predictors 
Supporting data from: Relevant variables  
identified in past research MetOffice NOAA 
Predictor used 
in this research 
Wind 
(direction 
and speed) 
strong wind, cross wind during 
take-off and landing, wind 
direction changes along glide 
path, wind shear 
Wind Speed 
Wind Direction 
Gust 
- 
Wind speed 
Wind direction 
Gust 
Visibility low ceiling, clouds, fog, rain, haze, snow, dust, smoke Rain 
Visibility 
Fog 
Snow or 
Ice Pellets 
Visibility 
Rain 
Fog 
Snow 
Ground  
de-icing freezing rain, freezing drizzle 
Minimum 
Temperature - 
Minimum 
Temperature 
Storms 
thunderstorms, heavy rain, hail, 
icing, turbulence, lightning, 
shear, downdrafts 
- Thunder Hail 
Thunder 
Hail 
  - - 
Season Winter 
Season Fall 
Season 
Summer 
Season Spring 
  - - Weekend Weekday 
  - - Holiday Not Holiday 
  - - 
No Information 
Only Weather 
Delays 
Other Delay 
Causes 
The available observed weather data for Heathrow airport are obtained from the UK 
Met Office and the US NOAA. The MIDAS database contains UK Weather records 
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from 1853 to date (UK Meteorological Office, 2006d). The MIDAS database contains 
the following general types of meteorological data (UK Meteorological Office, 2006d): 
• “Surface observations over land areas of the UK as far back as the digital 
record extends; 
• A selection of global surface observations for the last 20 years; 
• Global surface marine observations from national and international sources as 
far back as the digital record extends; 
• Radiosonde observations over the UK, and at overseas stations operated by 
the Met Office, as far back as the digital record extends; 
• A selection of global radiosonde observations for the last 10 years.” 
From the MIDAS database, data for Heathrow airport for the period from January 2002 
to May 2006 are extracted focusing on five potential predictors, namely daily records 
for rain, minimum temperature, gust speed, and hourly records for wind speed and 
direction.  
Additional observed weather data are derived from the SOD database distributed by 
the National Climatic Data Center (NCDC) of the US NOAA. The SOD data are derived 
from the data exchanged under the World Meteorological Organization (WMO) World 
Weather Watch Program (National Climatic Data Center, 2006). The SOD data contain 
18 surface meteorological parameters that are derived from synoptic hourly 
observations: mean temperature, mean dew point, mean sea level pressure, mean 
station pressure, daily mean visibility, mean wind speed, maximum sustained wind 
speed, maximum wind gust, maximum temperature, minimum temperature, 
precipitation amount, and snow depth. The flags (i.e. indications) for the occurrence of 
fog, rain or drizzle, snow or ice pellets, hail, thunder, and tornado/funnel cloud are also 
included. From this database, records for Heathrow airport for the period January 2002 
to May 2006 are derived, including daily records for visibility and indicators of the 
occurrence of fog, snow, hail, and thunder.  
Furthermore, several dummy variables are added to account for seasonal variations in 
weather conditions and weekend/weekday and holiday variations in traffic volume. In 
addition, dummy variables to account for existence of other delay causes are added. 
Table 7-2 summarises all weather variables or phenomena that are chosen as potential 
predictors and presents a detailed description of predictors used in the modelling. 
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Table 7-2. Data description 
Weather 
Element/Phenomena 
Unit/ 
Dimension Description 
MetOffice 
Wind Speed knots Mean wind speed over a whole hour  
Wind Direction degrees Mean wind direction over a whole hour 
Minimum Temperature Celsius Minimum temperature in the 24 hours to 0900 GMT 
Rain mm Rainfall in millimetres in the 24 hours from 0900 GMT 
Gust knots Maximum gust in the 24 hours from 0000 GMT 
NOAA 
Visibility miles Mean visibility for the day 
Fog 
Snow or Ice Pellets 
Hail 
Thunder 
(1=yes,  
0=no/not 
reported) 
Indicators for the occurrence during the day  
Additional Dummies 
Season Winter 
Season Autumn 
Season Spring 
Season Summer 
(1=yes,  
0=no) Indicators for the season 
Traffic variables Unit/ Dimension Description 
Weekend 
Weekday 
(1=yes,  
0=no) Indicator of weekend/weekday traffic 
Holiday 
Not Holiday 
(1=yes,  
0=no) Indicator of public/school holidays in the UK 
No Information Indicator if no information about additional causes 
Only Weather Indicator of all weather reported delays 
Other Delay Cause 
(1=yes,  
0=no) Indicator of additional reported delays 
Air transport movement Count Total daily number of  air transport movements  
7.1.2 Data pre-processing 
In order to use the wind direction data as a possible predictor, hourly mean wind 
direction data is separated into crosswind and head/tail wind components. This is done 
due to the dependency of runway direction on the possible impact associated with 
wind. Head/tail and crosswind components are calculated for the preferred runway as 
explained below. 
There are three main runways in use at Heathrow airport (Figure 7-3). The prevailing 
wind at Heathrow airport is westerly and therefore the two primary runways are aligned 
east/west as it is far preferable to land into the wind. As a result the majority of flights 
fly over central London on approach to runway 27 (i.e. short for a bearing of 270 or 
west) and land on either runway 27 Left (27L) or 27 Right (27R). The other runway is 
used for departing aircraft, which increases the capacity of the airport. On rare 
occasions when the wind is predominantly easterly, aircraft land on runway 09L or 09R 
(i.e. the same runway as 27, however approaching from the other direction).  
Chapter 7              Heathrow weather delay analysis 
 104 
 
Figure 7-3. Heathrow runway layout 
Since the wind at Heathrow airport is predominantly westerly, it is assumed that 
runway 27 R/L is the preferred runway. Head/tail and crosswind components for daily 
Heathrow wind direction observations are then calculated according to Equations 7-1 
and 7-2. 
  
€ 
HeadWind = WindSpeed * cos WindDirection−RunwayDirection( )     (7-1) 
  
€ 
CrossWind = WindSpeed * sin WindDirection−RunwayDirection( )    (7-2)  
Airports can set crosswind maxima, which are general maximum wind speeds for 
which commercial aircraft are cleared for landing. The values for crosswind maxima 
can be obtained from the relevant Aeronautical Information Publications (AIPs). 
Generally, the vast majority of airports use a crosswind maximum of 15 kts for 
preferential runway(s) as recommended by ICAO. According to the UK air service 
provider (NATS, 2007) the preferential runway and wind limitations for Heathrow airport 
are: 
• In weather conditions when the tailwind component is not greater than 5 kts on 
the main runway 27 R/L, these runways will be used in preference to runways 
09 R/L when the runway surface is dry. 
• When the crosswind component on runway 27/09 exceeds 25 kts, runway 23 
will normally be made available if there is a lesser crosswind component 
affecting it. 
An analysis of the wind climate around Heathrow by Es et al. (2001), found that high 
crosswinds of 25 kts or more occur less than 0.2 percent of the time per year (i.e. 17 
hours per year). For this reason, the assumptions used in this thesis are as follows: 
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• a maximum crosswind for Heathrow airport is set to15 kts, and 
• in order to use runways 27 R/L as the preferred runways the head/tail wind 
maximum is set to 5 kts.  
Based on these thresholds and calculated head/tail and crosswind data, two new 
predictors are calculated:  
• A cross wind measure using the percent of day when crosswind is higher than 
15 kts, and 
• A head/tail wind measure using the percent of day when head/tail wind is higher 
than 5 kts. 
A correlation analysis was performed (Table 7-3) to identify the pairs of predictors that 
are strongly correlated. Once these are identified, one predictor within a pair should be 
omitted from the further analyses to prevent multicollinearity. A significant correlation is 
identified between wind speed and gust (Table 7-3; r=0.8055, p=0.01). This is 
expected since wind speed is a measure of the average speed of movement of the 
wind at a specific point, while the wind gust is the maximum wind speed recorded over 
a specified time period. As a result, a new variable, the gust factor, was introduced 
instead of gust as a predictor. The gust factor is defined as the ratio of the maximum 
(or peak) gust speed to the sustained wind speed (Solari, 1990) and was not correlated 
with other variables. Lastly, weather data have been pre-processed to eliminate all 
records with missing values. This resulted in a sample of 1578 valid records for the 
period between January 2002 and May 2006. 
Table 7-3. Correlations between possible predictors 
 Wind Speed 
Head/tail 
wind 
Cross 
wind Gust 
Min. 
Temp. Rain Visibility 
Wind Speed 1       
Head/tail Wind 0.679 1      
Cross Wind 0.471 0.135 1     
Gust 0.806 0.491 0.464 1    
Mini. Temp. 0.072 0.048 0.024 0.038 1   
Rain 0.176 0.052 0.104 0.178 0.057 1  
Visibility 0.312 0.228 0.075 0.284 0.193 -0.029 1 
7.1.3 Models’ predictors 
Because of the variety of potential predictors identified in the previous section, it is 
necessary to implement a hierarchy for the choice and inclusion of relevant ones into 
the modelling process. This hierarchy is discussed in the following section. In addition, 
while it is important to highlight the rationale behind the inclusion of each variable into 
the regression model, it is also beneficial to state the hypothesised effect of the 
estimated parameter for each variable. These hypotheses should be informed by past 
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literature and research findings and should anticipate whether the regression 
coefficient will have a positive or negative value. 
The Heathrow delay analysis highlighted wind and rain as reported causes of weather 
related restrictions (Figure 6-18). In addition, this analysis shows that aircraft de-icing 
due to low temperatures is the third largest cause of delays at Heathrow. Thus, three 
predictors, extracted from the Met Office observed weather data at Heathrow airport, 
are entered into the models first. These predictors are wind speed, rain, and minimum 
temperature. The hypothesised effect of the wind speed and rain are positive, 
suggesting increase of delay with increase of each predictor. On the other hand, 
expected effect of minimum temperature on the dependent variable is negative, 
indicating decrease in delay with higher temperatures.  In addition, several wind-related 
predictors, calculated from Met Office data are included as well. As mentioned in the 
previous section, these are head/tail and cross wind fractions and gust factor. While 
the effects of head/tail wind components could not be anticipated, expected effect of 
the gust factor on the dependent variable is positive. 
Based on the CODA weather delay analysis for Heathrow airport (Chapter 6), several 
additional predictors are selected as well. The analysis of imposed weather restrictions 
at Heathrow airport (Figure 6-18) also highlighted, thunderstorms, low visibility, fog, 
and snow, as further causes of weather restrictions. Therefore, the additional 
predictors entered into the models are visibility and four weather indicators for fog, 
snow, hail, and thunder. These predictors are extracted from the NOAA database. 
While the anticipated effect of visibility on the dependent variable is negative, 
suggesting decrease of delay with higher visibility, the expected effect for all four 
weather indicators is positive. 
In addition, to account for possible seasonal variations, four dummy variables have 
been defined and entered into the models. These correspond to four seasons, namely 
Spring, Summer, Autumn, and Winter. Because of the significant traffic variations 
during summer and winter seasons, a fall season dummy variable has been chosen as 
the reference variable in the models. It is hypothesised that during the winter and 
summer delays may be higher due to higher traffic level. 
To account for variations in weekend/weekday traffic volume, dummy variable was 
defined and entered into the model. This dummy variable is an indicator of weekday 
and weekend traffic. Due to an assumed larger share of weekend traffic, a weekday 
dummy variable has been chosen as the reference variable in the models. In addition 
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to variations of weekday/weekend traffic, traffic volume variations connected with the 
public/school holidays within the UK are also assumed. Therefore, a dummy variable 
(i.e. Holiday) is introduced as an indicator of the holiday season. The Not-holiday 
dummy has been chosen as the reference variable in the models. For both dummy 
variables, Holiday and Weekend, the hypothesised effect on dependent variable is 
positive, suggesting an increase in delay. 
Heathrow airport operates at maximum capacity most of the time and therefore even 
small changes in weather conditions can significantly impact its operations. Therefore, 
information about traffic volume or airport capacity can improve the accuracy of the 
model. Due to a lack of information concerning capacity issues at Heathrow airport, 
and the aggregate nature of the daily data, three dummy variables have been 
introduced to account for the existence of additional problems beside weather 
conditions. These variables (i.e. OnlyWeather and OtherDelayCauses) are defined to 
control for additional problems that might affect timeliness of Heathrow’s operations 
besides weather conditions. The OnlyWeather indicator controls for all recorded delays 
during the day that were due to weather conditions, while OtherDelayCauses indicates 
the existence of other types of delay causes besides weather. The reference for these 
dummy variables is if there was no information on reported non-weather delays. 
As discussed in Chapter 2, the total delay during adverse weather is strongly 
dependent on the number of affected aircraft and the airport throughput (Sasse and 
Hauf, 2003). In other words, since the impact of weather on aviation is not only 
determined by the weather phenomena but also by the number of flight operations it 
was necessary to include a predictor that would describe the traffic volume at 
Heathrow airport. The total daily number of air transport movements at Heathrow 
airport is included to account for this, however it could not be hypothesised what effect 
it will have on the dependent variable.  
Table 7-4 summarises the models predictors as well as the assumptions behind the 
impact of each predictor on the final response variable (i.e. occurrence of delay and 
(or) percent of flights delayed). 
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Table 7-4. The list of selected variables (predictors) used in modelling 
Source Independent variables  (potential predictors) Anticipated impact on the dependent variable 
Wind Speed + 
Head/Tail Wind +/- 
Cross Wind + 
Minimum Temperature - 
Rain + 
Met Office 
Gust Factor + 
Visibility - 
Fog + 
Snow or Ice Pellets + 
Hail + 
NOAA 
Thunder + 
Season Winter + 
Season Spring +/- Season Dummies 
Season Summer + 
Weekend/ 
Weekday 
Dummy 
Weekend + 
Holiday 
Dummy Holiday + 
Only Weather +/- Other Delay 
Causes 
Dummy Other Delay Causes +/- 
ATM Number of daily air transport movements +/- 
Note:  “+”  - Positive relationship 
“-“  - Negative relationship 
“+/-“  - Relationship could not be anticipated 
7.2 Binary Delay Model 
The following section presents a summary of the logistic regression modelling of 
weather delay occurrences. Binomial (or binary) logistic regression is a form of 
regression that is used when the response variable is dichotomous, in this case Delay 
or No Delay. The response variable (occurrence of delay) was determined using 
Eurocontrol’s CODA data, for the period January 2002 – May 2006. Days in the sample 
period with reported weather delay at Heathrow airport were assigned value one (i.e. 
Delay), whilst days with no reported delays were assigned a zero (i.e. No Delay).  
Logistic regression is a form of regression that allows the prediction of discrete 
variables by a mix of continuous and discrete predictors. First of all, logistic regression 
does not assume a linear relationship between the dependent and the independent 
variables. It may handle nonlinear effects even when exponential and polynomial terms 
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are not explicitly added as additional independent variables. This is possible since the 
logit link function on the left-hand side of the logistic regression equation is non-linear. 
In addition, the dependent variable does not need to be normally distributed, although it 
does assume its distribution is within the range of the exponential family of 
distributions, such as normal, Poisson, binomial, or gamma. Overall, logistic regression 
addresses the same questions that multiple regression does but with no distributional 
assumptions on the predictors (the predictors do not have to be normally distributed, 
linearly related or have equal variance in each group). 
In this analysis, logistic regression is used to predict a response variable (Delay/No 
Delay) on the basis of several predictors and to determine the percent of variance in 
the response variable explained by the predictors. In addition, logistic regression is 
used to rank the relative importance of predictors.  
Logistic regression is estimated by maximum likelihood estimation after transforming 
the response variable into a logit variable (the natural log of the odds of whether the 
weather delay occurs or not). Logistic regression thus estimates the probability of a 
weather delay occurrence. It calculates changes in the log-odds of the response 
variable and not changes in the response variable itself as linear regression does. 
Coefficients in logistic regression (βi) are the values for the logistic regression equation 
for predicting the response variable from the predictors.  Coefficients are in log-odds 
units.  Similar to linear regression, the prediction equation is presented in Equation 7-3: 
       (7-3) 
where p is the probability of delay occurrence and x1 to xn are different model 
predictors. 
With the inclusion of all possible predictors (16), the Hail predictor was found to predict 
success perfectly2 (for 12 observations) and therefore, it was excluded from further 
logistic modelling. The final logistic model is presented in Table 7-5. 
The overall model is statistically significant (the p-value is less than 0.001). In other 
words, the hypothesis that weather-related delay predictors, taken together, have no 
effect on the response variable is rejected.  In addition, out of 16 predictors entered 
                                            
2 The Hail predictor is perfectly correlated with dependent variable. 
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into the model 14 predictors are found to be statistically significant. The two statistically 
non-significant predictors are SeasonSummer and CrossWind. 
Table 7-5. Logistic model of occurrence of delay 
Delay 
coef (z) Predictor 
  
WindSpeed 0.3394 (8.5515) 
MinimumTemperature -0.1241 (-6.4878) 
Rain 0.0851 (3.4830) 
Visibility -0.2716 (-4.6144) 
Fog 1.5116 (3.6891) 
Snow 1.6646 (2.2428) 
Thunder 3.1157 (5.0384) 
SeasonWinter 0.7456 (3.2446) 
SeasonSummer -0.0268 (-0.1316) 
SeasonSpring -0.4237 (-2.4142) 
GustFactor 0.2010 (1.9966) 
Head/TailWind -0.0078 (-2.8923) 
CrossWind 0.0171 (0.7931) 
Holiday 0.2938 (2.0375) 
Weekend -0.4252 (-2.9913) 
ATM 0.0022 (2.4032) 
Constant -2.6085 (-1.9484) 
Number of Observations 1578  
Log-Likelihood -796.0956  
LR Chi-Square (14) 486.2356  
Prob>Chi-Squared 0.000  
Pseudo R-Squared 0.2344  
Classification statistics of the logistic model are presented in Table 7-6. Overall, the 
classification power of the model is approximately 74 percent with more than 80 
percent of correct predictions of days with occurrence of weather-related air traffic 
delays. 
Table 7-6. Classification table for logistic model 
 Predicted Delay   
Observed Delay Delay No Delay Total 
Classified Correctly 
(%) 
Delay 814 185 999 81.48 
No Delay 221 358 579 61.83 
Total 1035 543 1578 74.27 
Expressed in terms of the predictors used in this example, the logistic regression 
equation from Equation 7-3 then becomes: 
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€ 
+0.746×SeasonW inter + (−0.027) ×SeasonSummer + (−0.424) ×SeasonSpring+  
  
€ 
+0.294×Holiday + (−0.425) ×Weekend + 0.001× ATM     (7-4) 
For binomial logistic regression parameter estimates (β coefficients) are logits of 
predictors used in the logistic regression equation to estimate the log-odds that the 
response variable equals 1. Parameter estimates show the relationship between the 
predictors and the response variable, where the response is on the logit scale.  They 
show the amount of increase in the predicted log-odds of Delay = 1 that would be 
predicted by a 1 unit increase in the predictor, holding all other predictors constant.   
For example, the coefficient (or parameter estimate) for the predictor WindSpeed is 
0.339.  This means that for a one-unit increase in WindSpeed, there is an expected 
0.339 increase in the log-odds of the response variable Delay, holding all other 
predictors constant. However, since these coefficients are in log-odds units, they are 
difficult to interpret, and hence they are often converted into an odds ratios or 
explained through their marginal effects or discrete changes. 
There are two ways of estimating how much the event probability changes when a 
given predictor is changed by one unit. The marginal effect of a predictor is defined as 
the partial derivative of the predicted event probability with respect to the predictor of 
interest. A more direct measure is the change in predicted probability for a unit change 
in the predictor (Long and Freese, 2003).  
For a binary logistic model, the marginal effect is equal to pi/(1–pi)β, where pi is the 
event probability at the i-th setting of the predictors, and β is the parameter estimate for 
the predictor of interest. For the example of the Thunder predictor, xThunder = 0.7185, 
then exp(xThunder) = 2.0515.  The odds (for Delay = 1) are approximately 2 times as 
great for xThunder = 1 as for  xThunder  = 0. Therefore, we may interpret xThunder as the 
proportional change in the odds ratio, known as elasticity in economics (Long and 
Freese, 2003). 
However, Long (1997) suggests that marginal effects are not very helpful for models 
with binary dependent variables (in this case Delay/NoDelay). First, due to the 
nonlinearity of the model, it is difficult to translate the marginal effects into the change 
that will occur if there is a discrete change (e.g. a 1-unit change) in predictor Xk. In 
addition, marginal effects are inappropriate for binary predictors. Long (1997) suggests 
measures of discrete change. Discrete change is the difference in the predicted value 
as one predictor changes values while all others are held constant at specified values. 
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Marginal effects and discrete change of all predictors are calculated for the mean 
values of the continuous predictors and for the dummy variables set to zero. The 
results are presented in Table 7-7. 
Table 7-7. Marginal effects and discrete change of predictors 
Predictor Marginal Effect/ Discrete Change z P>z X (mean) 
WindSpeed 0.0783 8.39 0.000 8.04305 
MinimumTemperature -0.0286 -6.63 0.000 7.83973 
Rain 0.0196 3.47 0.001 1.51458 
Visibility -0.0626 -4.62 0.000 6.44062 
Fog* 0.2501 5.34 0.000 0 
Snow* 0.2643 3.87 0.000 0 
Thunder* 0.3363 10.38 0.000 0 
SeasonWind* 0.1495 3.38 0.001 0 
SeasonSummer* -0.0062 -0.13 0.896 0 
SeasonSpring* -0.1022 -2.44 0.015 0 
GustFactor 0.0463 2.00 0.045 2.94247 
HeadTailWind -0.0018 -2.89 0.004 44.4024 
CrossWind 0.0040 0.80 0.426 1.40331 
Holiday* 0.0646 2.12 0.034 0 
Weekend* -0.1026 -2.97 0.003 0 
ATM 0.0005 2.35 0.019 1289.63 
Note: * - is for discrete change of dummy variable from 0 to 1 
Table 7-7 shows that continuous predictors that have the largest influence on the 
change in the probability of the occurrence of a delay are WindSpeed and Visibility. An 
increase of 1 knot in wind speed increases the chance of delay occurrence by 7.83 
percent, controlling for other predictors in the model. In addition, a decrease of 1 mile 
in visibility increases the chance of a delay occurrence by approximately 6 percent. 
The largest discrete changes for dummy variables are for the Thunder, Snow, and Fog 
predictors since occurrence of each increases the chance of a delay by 33.63, 26.43, 
and 25.01 percent respectively. 
For continuous predictors, the percent change in the probability of occurrence of delay 
with a 10 and 50 percent increase from the predictor’s mean is also calculated. The 
results are shown in Table 7-8.  
Table 7-8. Percent change in probability of Delay occurrence 
Predictor Delay Probability +10% +50% 10% Change 50% Change 
WindSpeed 0.6392 0.6995 0.8740 9.43 36.73 
MinimumTemperature 0.6392 0.6165 0.5214 -3.56 -18.43 
Rain 0.6392 0.6422 0.6540 0.46 2.31 
Visibility 0.6392 0.5980 0.4249 -6.45 -33.53 
GustFactor 0.6392 0.6528 0.7043 2.12 10.18 
HeadTailWind 0.6392 0.6312 0.5982 -1.26 -6.42 
CrossWind 0.6392 0.6398 0.6420 0.09 0.43 
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7.3 Delay Impact Model (Percent of Flights Delayed by 
Weather) 
As mentioned before, the second step to model Heathrow weather related delays 
required separate modelling for days when weather delays were actually reported. The 
following section presents a summary of the modelling of percent of delayed flights due 
to weather conditions (PDF). Values for PDF were calculated using Eurocontrol’s 
CODA data, for the period January 2002 – May 2006. PDF values were calculated as 
the percent of flights that reported delay due to weather conditions out of the total daily 
number of flights at Heathrow airport.  
Based on selected predictors, numerous regression models were tested for their 
predicting power and significant regression coefficients. As mentioned before, due to 
the skewed response variable with a substantial proportion of zeroes and the non-
linear nature of weather delays (Hauf, 2002), multiple linear regression was found not 
to be adequate. Instead, it was decided to use a categorical regression analysis, more 
precisely, ordered probit regression.  
Like logistic regression, ordered probit models have relaxed data assumptions 
compared to Ordinary Least Square (OLS) regression. The dependent variable does 
not have to be normally distributed. The independent variables do not have to be 
interval in level of measurement, nor they need to be unbounded (Long and Freese, 
2003). Ordered probit is often used to analyze subjective scales assigned by field 
experts.  
Since a constant difference between each category is not assumed, the possibility that 
it takes a bigger change in an independent variable to get over the “threshold” into one 
category than it takes to get into the next category is allowed.  An ordered probit model 
estimates both the effects of “the independent variables (through the systematic 
component) and the thresholds of the dependent variable (through the stochastic 
component) at the same time” (Greene, 2003).  
Overall, when the response variable is ordinal and has more than two levels ordered 
probit models are adequate. The idea behind the ordered probit model is that even 
though the model’s measure is ordinal, the latent concept that we are trying to measure 
is continuous. A representation of the latent variable approach of an ordered variable 
might look like: 
Y=i if,  
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for i=1,…,j  
The structural model is presented in Equation 7-5 
           (7-5) 
The model expressed in terms of probabilities then becomes, 
         (7-6) 
       (7-7) 
where F stands for the cumulative normal distribution. In terms of odds the 
interpretation of this model is: 
         (7-8) 
         (7-9) 
In this analysis, the response variable PDF is highly skewed to the right indicating that 
the vast majority of days have less than 15 percent of flights delayed due to weather 
conditions (Figure 7-2). For this reason, the response variable is divided into three 
categories, as this categorisation showed the best model fit. These three categories 
are: 
• Category 1 - days with 5 or fewer percent of flights delayed, 
• Category 2 - days with 5 to 15 percent of delayed flights, and 
• Category 3 - days with more than 15 percent of flights delayed. 
The ordered probit model for PDF (presented in Table 7-9) shows the model with the 
best fit in the overall modelling process. 
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Table 7-9. Ordered probit models of PDF 
Predictor PDF 
 Coef. (z) 
WindSpeed 0.2481 (8.5114) 
Minimum Temperature 0.0012 (0.0675) 
Rain -0.0234 (-1.5708) 
Visibility -0.3319 (-7.1161) 
Fog 0.7700 (4.2349) 
Snow 0.4254 (1.9904) 
Hail 0.2074 (0.5418) 
Thunder 0.5726 (2.7988) 
Seasonwinter -0.2125 (-1.3047) 
Seasonsummer 0.0907 (0.4129) 
Seasonspring -0.2519 (-1.5506) 
GustFactor 0.1811 (2.6136) 
HeadTailWind -0.0002 (-0.1051) 
CrossWind 0.0001 (0.0101) 
Holiday 0.1323 (1.0510) 
Weekend -0.5966 (-4.3879) 
OtherDelay -0.9190 (-7.7674) 
ATM -0.0012 (-2.1433) 
Cut1 -0.5937  
Cut2 1.3935  
Number of Observations 999  
Log-Likelihood -387.3423  
LR Chi-Square(16) 372.7775  
Prob > Chi-Square 0.0000  
Pseudo R-Square 0.3249  
The likelihood ratio chi-square of 372.77 (p<0.001) indicates that the model is 
statistically significant as compared to the model with no predictors. The Pseudo-R2 is 
0.3253. Nine out of 18 predictors are not statistically significant, with a 95 percent 
confidence level. The test statistics shows that the null hypothesis that weather 
conditions do not have an impact on delays can be rejected. 
The cut points are the estimates of the threshold coefficients of the distribution 
function. That is, if F(xβ) is the distribution function of the unobserved continuous latent 
variable, the ordered probit model implies that: 
• If F(xβ) ≤ Cut1, then the dependent variable falls into Category 1, 
• If Cut1≤ F(xβ) ≤ Cut2, then the dependent variable falls into Category 2, 
• If F(xβ) > Cut2, then the dependent variable falls into Category 3. 
                                            
3 There is no direct equivalent of an R2 from linear regression in non-linear models. 
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Classification statistics for the PDF ordered probit model are presented in Table 7-10 
and Figure 7-4. The overall classification power of the model is approximately 84 
percent, with less classification power of the extremes (i.e. PDF>15%).  
Table 7-10. Classification statistics for PDF 
 Predicted  
Observed <5% 5-15% >15% Group % of Total 
<5% 75.40% 3.70% 0.00% 79.10% 
5-15% 10.90% 8.00% 0.20% 19.10% 
>15% 0.20% 1.40% 0.20% 1.80% 
Correctly Classified 83.60% 
 
Figure 7-4. PDF Model classification bar chart 
Marginal effects and discrete change for all predictors are calculated for the mean 
values of the continuous predictors and for the dummy variables set to zero. The 
results are presented in Table 7-11. 
The continuous predictors that have the largest influence on the change in the 
probability of PDF for all categories are Visibility and WindSpeed. This is quite similar 
to the results from the logistic regression of whether or not a delay occurs (see 
previous section, Table 7-6). For example, a decrease of 1 mile in visibility increases 
the chance of PDF being in Category 1 (i.e. PDF is less then five percent) by 
approximately 12 percent, controlling for other predictors in the model. The largest 
discrete changes amongst the dummy variables are for Fog, OtherDelay, and the 
Thunder predictors. For example, the occurrence of fog decreases the chance of PDF 
being in Category 1 by almost 30 percent, while the existence of other delays other 
than weather actually decreases the probability of PDF being in Category 2 by almost 
23 percent. 
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Table 7-11. Marginal effects and discrete changes after ordered probit regression 
  Marginal Effect/Discrete Change 
 <5% 5-15% >15% 
WindSpeed -0.0881 0.0834 0.0047 
Minimum Temperature -0.0004 0.0004 0.0000 
Rain 0.0083 -0.0079 -0.0004 
Visibility 0.1179 -0.1116 -0.0063 
Fog* -0.2984 0.2605 0.0379 
Snow* -0.1625 0.1488 0.0137 
Hail* -0.0769 0.0718 0.0051 
Thunder* -0.2212 0.1990 0.0222 
Seasonwinter* 0.0713 -0.0681 -0.0031 
Seasonsummer* -0.0329 0.0310 0.0019 
Seasonspring* 0.0834 -0.0799 -0.0035 
GustFactor -0.0643 0.0609 0.0034 
HeadTailWind 0.0001 -0.0001 0.0000 
CrossWind 0.0000 0.0000 0.0000 
Holiday* -0.0484 0.0454 0.0030 
Weekend* 0.1746 -0.1689 -0.0057 
OtherDelay* 0.2344 -0.2280 -0.0064 
ATM 0.0004 -0.0004 0.0000 
Note: * - is for discrete change of dummy variable from 0 to 1 
Figures 7-5 and 7-6 show how the probability of the PDF category changes with the 
change in the weather parameters Visibility and WindSpeed. It is clear that both 
weather parameters influence the change in the PDF category as anticipated. In other 
words, with an increase of WindSpeed, the PDF category tends to increase (i.e. a 
larger number of aircraft are delayed per day). On the other hand, a decrease in 
Visibility tends to increase the PDF category suggesting again a larger number of 
aircraft delayed per day.  
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Figure 7-5. PDF Category vs WindSpeed 
 
 
Figure 7-6. PDF Category vs Visibility 
The PDF model appears to adequately describe weather delay at Heathrow airport with 
the ability to highlight the most influential parameters affecting airport weather-related 
delay and their level of impact. 
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7.4 Combining Delay and Delay Impact Models 
The classification power of the Delay model is approximately 74 percent with more 
than 80 percent of correct predictions of days with the occurrence of a weather delay at 
Heathrow airport. The classification power of the PDF Model is approximately 84 
percent. These models are combined by calculating the conditional probability of a 
weather delay occurring within the specific PDF category. The classification power of 
the combined model, which aims to predict weather delays at Heathrow airport from 
existing weather conditions, is presented in Table 7-12. Approximately 50 percent of 
days within the sample are correctly classified. This suggests that direct prediction of 
weather delay is possible with limited accuracy and that use of two separate models is 
preferred rather than the use of the combined model. 
Table 7-12. Combined model classification power 
 Predicted  
Observed No Delay <5% Delayed 
5-15% 
Delayed 
>15% 
Delayed Total 
No Delay 213 355 11 0 579 
% 13.5 22.5 0.7 0 36.69 
<5% Delayed 278 488 24 0 790 
% 17.62 30.93 1.52 0 50.06 
5-15% Delayed 49 78 63 1 191 
% 3.11 4.94 3.99 0.06 12.1 
>15% Delayed 3 2 10 3 18 
% 0.19 0.13 0.63 0.19 1.14 
Total 543 923 108 4 1,578 
% 34.41 58.49 6.84 0.25 100 
7.5 Summary of findings 
The UK weather delay analysis indicated Heathrow airport as the most appropriate 
case study for an in depth weather delay analysis and hypothesis testing. Using 
statistical analysis, the hypothesis that weather parameters do not have an impact on 
air traffic delays has been rejected. Further statistical analysis highlighted the most 
important weather parameters that are affecting Heathrow delays. In order to enable 
estimation of the impact of future changes in weather patterns on air traffic delays, two 
different models of weather related delay have been developed. 
However, some concerns regarding the data sample used for modelling, should be 
mentioned. First, statistical analysis was performed using aggregate daily weather-
delay data. Most of the continuous weather predictors were averaged daily values, 
while four weather parameters were expressed as dummy variables. Therefore, it was 
not possible to capture changes in weather parameters throughout the day. As a result, 
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sample characteristics were not adequate for a microscopic analysis and quantitative 
modelling of airport delays, but only for a categorical analysis of days with a weather-
delay occurrence. 
Further, the weather-related delay analysis of Heathrow airport (Chapter 6) suggests 
problems with a lack of reporting. There is a possibility that not all weather-related 
delays are reported. As a result, the existence of unreported delays may distort (i.e. 
reduce) the values for the percent of flights delayed. In addition, CODA records 
account for only a subset of airlines that are currently involved in the reporting scheme 
(Table 6-1). There is a possibility that additional non-reporting airlines might affect the 
increase of overall duration of weather delays by decreasing the airport capacity. 
However, there is also a possibility that the existence of non-reporting flights might 
actually decrease the reported weather delays since airlines might “blame” the airport 
capacity instead of weather conditions. Overall, since non-reporting airlines’ flights are 
not included in the total number of flights provided by CODA there is a possibility that 
inclusion of an airport capacity variable might improve the models. In the PDF model, 
the OnlyWeather and OtherDelay dummy variables were used to inform the model 
about the existence of other problems at the airport, thereby controlling for other 
capacity constraints. 
As mentioned previously, the main objective of this Chapter was to analytically identify 
weather parameters that influence the occurrence of weather related delay at 
Heathrow and the level of their impact. This has been statistically tested using logistic 
and ordered probit regression techniques. Overall hypothesis testing for both models 
shows that weather conditions do have an impact on air traffic delays at Heathrow 
airport. In addition, the models have managed to highlight the predictors or weather 
parameters whose influence on airport delay is statistically significant.  
The statistical analysis of the Delay Model highlighted 12 out of 14 variables as 
statistically significant (Table 7-5). In addition, the model’s classification power (Table 
7-6) suggests that the weather delay occurrence at Heathrow airport can be explained 
by the model using proposed weather predictors (Table 7-1). In addition, the Delay 
Model highlighted that the existence of thunderstorms, snow, and fog increases the 
chance of a weather delay occurrence by more than 25 percent. This suggests that 
these three conditions present a threat to Heathrow in the future. Furthermore, the 
model suggests that one unit change in the wind speed and visibility around the airport 
influence the existence of weather-related delays by approximately 8 and 6 percent 
respectively. 
Chapter 7              Heathrow weather delay analysis 
 121 
Similarly, the model of percentage of flights delayed had good classification power and 
a potential to predict the percentage of flights delayed due to expected weather 
conditions. The statistical analysis of the PDF model highlighted nine significant 
weather-delay predictors (Table 7-9). The model can correctly classify, using these 
nine predictors, approximately 84 percent of the daily weather delays. However, 
although the overall classification power of the model is fairly good, there are some 
concerns with underestimates of extreme delays (i.e. PDF>15%). The classification 
power for these is only 0.2 percent of the overall sample, or approximately 11 percent 
within the category (Table 7-10). Although it is important to acknowledge the model 
limitations to assess future impacts, the frequency of this category (less then 2 percent) 
suggests that these events are very rare. In addition, similarly to the Delay Model, 
thunderstorms, wind speed and visibility were again found to be the most influential 
factors affecting weather delay at Heathrow.  
Both models would probably have captured a rather higher dependence on icing 
conditions if some type of derived/joint variable capturing these had been used (for 
example, identifying periods with minimum temperature <3C and with precipitation). On 
the other hand, without such a variable, independently modelling changes in 
precipitation and temperature (e.g. in “passive” ranges above 3C), would seem to 
underestimate their contribution to the high proportion of delays attributable to de-icing. 
To summarise, both models have shown fairly good modelling power and the ability to 
predict weather-related delays at Heathrow airport. In addition, both models have 
managed to highlight the most influential weather-related delay predictors for Heathrow 
airport and to statistically determine their level of impact. However, the combined 
model of weather-related delays revealed some concerns. Although the individual 
models have classification powers of 74 and 84 percent respectively, the combined 
model classification power is approximately 50 percent. This finding indicates a 
potential problem with the Delay Model. Although it correctly predicts 84 percent of 
delay days (Table 7-6), its classification power drops when predicting days without 
delays (to 60 percent). For that reason it is better to use the Delay and Delay Impact 
models separately. 
In general, weather conditions are found to be a major factor affecting delays at 
Heathrow airport. In addition, the impact of specific weather conditions can be 
statistically estimated. Based on the prediction power of these models, they can be 
used to forecast the probability of weather delay events and the percent of flights that 
could be delayed in the future. This will be done in Chapter 9. 
Chapter 7              Heathrow weather delay analysis 
 122 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 8  Effects of an airport closure 
 123 
8 Effects of an airport closure – A case study of 
Heathrow Airport  
This chapter assesses the implications of severe weather on the air transport system 
by analysing the impacts on air traffic management associated with a short airport 
closure. The system disruptions were measured based on delays, additional fuel 
consumption, flight rerouting or diversions to alternate airports, and flight cancellations. 
Using the example of a short Heathrow closure (“the worst case” scenario), this chapter 
identifies the vulnerabilities of Heathrow airport operations to this type of event. In 
addition, the impact of diversions on additional fuel consumption and hence, CO2 
emissions, were examined using the RAMS Plus simulation model and the AEM tool. 
The chapter concludes with a summary of the findings. 
8.1 Background to the problem 
As discussed in Chapters 1 and 2, severe weather events affect the capacity and 
efficiency of air transport. Due to the changing climate there is a concern that increased 
severity and/or frequency of severe weather patterns (e.g. strong winds, storms, and 
reduced visibility) may have serious implications on air transport operations in the 
future (Eurocontrol, 2007a). In addition, planning and design of new airport capacity 
may need to consider future changes in weather to minimise future disruptions. The 
disruption associated with such problems could have significant operational, safety and 
environmental implications. Consequently, it is important to identify and assess the 
vulnerabilities of UK air traffic operations to possible changes in the frequency and 
severity of extreme weather events associated with climate change. This has been 
analysed in the following sections using the example of Heathrow airport. 
System disruptions due to severe weather can be measured based on delays, 
additional fuel consumption, flight rerouting to alternate airports, and flight 
cancellations. One of the implications of severe weather could be increased travel time 
and therefore increased fuel burn. Increased fuel burn can as well be a product of flight 
diversions and flight repositioning. Costs associated with these types of consequences 
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can range from he simple cost of additional fuel required to large scale economic 
consequences that include a variety of costs related to airport (e.g. airport charges), 
airlines (e.g. maintenance and crew costs) and passengers (e.g. passenger satisfaction 
and compensation). In addition, severe weather events can also have environmental 
costs associated with it. These costs are mainly due to additional fuel consumption and 
hence increased emissions of CO2. 
The next sections explain a possible severe weather scenario at Heathrow airport. 
Scenario and analysis assumptions are thoroughly explained and their justification is 
given as well. Analysis of arriving traffic consisted of analyzing airborne and ground 
holds, and flight diversions and repositioning. Analysis of departures is presented 
through a fairly simple analysis for specific reasons. For example, only simple airport 
groundside modeling was possible due to lack of data concerning operating mode of an 
aircraft delayed on the ground. The departure flights analysis considered only ground 
delays and flight cancellations as possible implications of severe weather event. 
8.2 Rationale for modelling an airport closure 
Heathrow airport has never experienced a complete closure due to weather conditions 
in the past1 and it currently loses no days due to weather since it is served with a 
Category III Instrument Landing System (ILS)2. More precisely, Heathrow airport 
operates with ILS Category IIIC that has no decision height and no runway visual range 
limitations. That means that in theory aircraft can land with zero visibility. Overall, most 
international airports at major cities are served by Category IIIA ILS as a minimum (i.e. 
runway visual range not less than 200 meters) and these airports get closed mostly 
due to high crosswinds but not from visibility3 constraints.  
Although there was a recent case of heavily reduced airport throughput, with the 
Heathrow Christmas 2006 disruption due to low visibility conditions caused by fog, 
reduced visibility of longer than a few hours at Heathrow is very rare. Fog at Heathrow 
is common, especially in fall and winter, and usually lasts for an hour or more and a 
                                                
1 Personal communication with Mr Tim Guest, Manager of Eurocontrol’s Central Office for Delay 
Analysis (CODA) 
2 The ILS is an instrument approach system that provides precise guidance to an aircraft 
approaching a runway, and enables a safe landing during Instrument meteorological conditions, 
such as low ceilings or reduced visibility due to fog, rain, or blowing snow (ICAO, 2006). 
3 Personal communication with Mr Alan Byrne, ATC Specialist, Irish Aviation Authority 
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catch-up can occur later in the day. However, this type of weather condition does not 
close the airport. 
In addition, the reason why reduced visibility conditions, such as fog, affect Heathrow 
more than anywhere else is that Heathrow has no spare capacity at all during the day 
and all slots4 are operated on a three mile approach spacing on the basis of permanent 
good visibility. Overall, during low visibility when Low Visibility Procedures are in force 
a much reduced landing rate can be expected due to the Air Traffic Control (ATC) 
requirement for increased spacing between arriving aircraft. In some cases, airlines 
may be forced to make tactical decisions about which flights to cancel. For example, 
the main reason flights were canceled during the Christmas 2006 fog disruptions at 
Heathrow is that low visibility procedures require aircraft on approach to be spaced out 
to as much as six miles. This is done in order to protect the Category III environment 
on the ground and to allow for better spacing on the ground (e.g. to ensure that 
runways are cleared for the preceding aircraft, safe ground movement and taxi 
clearances). 
However, current climate predictions for the UK suggest less likelihood of events with 
reduced visibility in the future. The UK climate change scenarios (UKCIP02) predict 
that there will be fewer days of fog in the winter in the South-East UK (Hassel et al, 
2002). In addition, summer precipitation in this region may decline by up to 50 percent 
by the 2080’s (Hulme et al., 2002). Although heavy winter precipitation (rain and snow) 
is expected to become more frequent, the amount of snow may decline from 60-90 
percent by the 2080’s (Defra, 2004). Overall, an increase in visibility is predicted, 
suggesting that reduced visibility events would become less frequent.  
On the other hand, climate predictions indicate that storminess may increase during the 
winter (Defra, 2004) suggesting more disruptions to the air transport system will 
occure. Storm events with high winds can increase air traffic delays, cancellations or 
diversions and may even close runways. Therefore, there is some likelihood that 
severe events could cause an airport closure and this is simulated in the analysis that 
follows.   
                                                
4 A slot is issued as a Calculated Take-Off Time (CTOT), which is defined as a time when the 
aircraft must take-off. A slot tolerance of -5 to +10 minutes is primarily intended for ATC use, to 
allow for airport congestion problems (Eurocontrol, 2006). 
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8.3 Assumptions for modelling a Heathrow closure 
It was not possible to model a real Heathrow airport closure based on observed 
operations data. Data for airport closures due to weather does not exist. For this 
reason, it was decided to model a hypothetical short airport closure, which would 
represent “the worst case” scenario. This case study is important in order to fully 
understand the possible implications of this type of extreme event. Analysis of delays, 
additional fuel consumption, flight rerouting or alternates, and flight cancellations is 
conducted. These are the key factors associated with increased costs to the aviation 
sector.  
Airports, together with air traffic service providers and Eurocontrol, try to adjust their 
throughput according to the anticipated traffic situation and weather conditions. If there 
is a thunderstorm expected in the vicinity of the airport, its capacity can be 
systematically reduced by up to 75 percent to prevent additional delays and flight 
cancellations5. These planned adjustments to flight schedules help the overall air 
transport system to minimise the impact of situations that reduce airport capacity. On 
the other hand, unexpected events do not permit airport operations to efficiently adjust 
and thus their impact is more severe. For this reason, it was decided to estimate effects 
of an unexpected severe weather event for which the duration is unknown. In this way, 
the airport capacity is not reduced through planned operational adjustments but only 
based on the direct implications of such an event.  
Runway closures tend to be kept to a minimum and are not given a time scale. 
Weather fronts can cause disruption for 15-20 minutes, while thunderstorms can go on 
for hours6. The typically runway closure time in the UK is a range of between 5 minutes 
whilst a passing storm goes by, up to an hour in rare cases. However, the average 
closure time in the UK would be only around 10 minutes7. In Europe overall, average 
airport closure time is below one hour8. Based on this information, it was decided to 
analyse the effects of an one hour airport closure. More precisely, it was decided to 
analyse system disruptions caused by the closure. To include the option of “the worst 
                                                
5 Personal communication with Mr Paul Templeman, General Manager of Luton airport 
6 Personal communication with Mr Phil Layton, Heathrow ATC Manager  
7 Personal communication with Mr Scott Alexander, UK NATS. 
8 Personal communication wth Mr Tim Guest, Manager of Eurocontrol’s Central Office for Delay 
Analysis (CODA) 
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case”, it was decided to simulate the closure during the busiest hour at Heathrow. 
Analysing a 24-hour Base Case air traffic sample for Friday, 3rd September 2004 with 
7074 flights (traffic sample used in Chapters 4 and 5), provided by NATS, it was found 
that the busiest hour at Heathrow airport is the period from 6 to 7 PM. During this 
period there were 91 scheduled air traffic movements (43 arrivals and 48 departures). 
In addition, the runway utilisation data for Heathrow airport, for the same day (provided 
by NATS) suggested that the number of scheduled movements in that period was 45 
and 48 for arrivals and departures respectively. Although there is a difference in the 
number of actual arrivals (two flights9) this period is still the busiest hour of that day. 
These findings indicated that a period between 6 to 7 PM represents a potential “worst 
case” closure period for Heathrow.  
Several constraints regarding modelling of airport closure were considered. First, 
although Heathrow operates 24 hours, there are limitations imposed by the Night Noise 
Restrictions for Heathrow airport (NATS, 2007). Prohibitions on taking off or landing at 
Heathrow airport are based on the quota count of an aircraft that is calculated on the 
basis of the noise classification for that aircraft on take off or landing. The prohibition 
states that any aircraft with quota count equal or above 4 may not be scheduled to take 
off or land during the night quota period (from 11PM to 7AM). Aircraft with quota count 
above 4 may not be scheduled to take off or land during the night period (from 
11:30PM to 6AM) and may not take off in the night period, except in the period 11PM to 
11:30PM in specific circumstances. These exceptions can be applied if the aircraft was 
scheduled to take off prior to 11PM, the take-off was delayed for reasons beyond the 
control of the aircraft operator; and if the airport authority has not given notice to the 
aircraft operator precluding take-off (NATS, 2007). However, these night restrictions do 
not have a priority in the case of flight safety and security emergencies when the airport 
is obliged to accept this incoming flight10.  
In addition, the examination of runway utilisation data for Heathrow between 2002-2006 
shows that on most occasions there are no flights departing after 11PM. In rare cases, 
where flights after 11PM are recorded, their number on average is only one. The 
                                                
9 During data pre-processing of the Base Case traffic sample (Chapter 4), these two flights had 
incomplete records and were removed from further analysis. Furthermore this only further 
validates the traffic sample used in thesis. 
10 Personal communication with Mr Paul Templeman, General Manager of Luton airport 
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maximum number of flights within this one hour period usually occurs during the 
Christmas holidays (maximum recorded number is 9). In addition, runway utilisation 
data reveals that the most common start time of airport operations is 6AM. 
For all these reasons, it was decided to set the airport operating hours from 6AM to 
11:30PM disregarding aircraft models and their noise quota. The night period was 
chosen to accommodate possible departures after 11PM of aircraft that have a noise 
quota above 4. These aircraft are either large or old aircraft models such as the Boeing 
747, Boeing 727, or Airbus 340. Although, this assumption may be unrealistic, it will 
help to assess all implications of “the worst case” scenario. 
Furthermore, analysing runway utilisation data for Heathrow, it was decided to set the 
maximum declared capacity for departures to its maximum recorded value for the 
period 2002-2006. In other words, the maximum declared capacity for departures is set 
to 48. Regarding decisions to cancel flights due to excessive delay, the common 
criteria of a maximum delay of four hours is adopted11. 
In summary, the assumptions used for analysing the Heathrow airport closure for a 
short time period are listed in Table 8-1.  
Table 8-1 Analysis assumptions 
Assumptions  
Cause of closure 
Unexpected severe weather event  
Unknown duration of severe weather conditions 
Modelling assumes no advance notice given to aircraft 
operators 
Closure time/duration 
Airport closed during peak hour (“worst case” scenario): 
Busiest hour for departures 
Period: 6-7 PM 
Duration: 1 hour 
Heathrow closure traffic details 
Scheduled traffic:  
48 departures  
43 arrivals 
Modelling constraints 
Heathrow is open until 11:30 PM 
Maximum number of departures at Heathrow (i.e. maximum 
declared capacity for departures) is set to 48 
Maximum flight delay is set to 4 hours (after that flight is 
cancelled). 
                                                
11 Personal communication with Mr Paul Templeman, General Manager of Luton airport and 
Mr Tim Guest, Manager of Eurocontrol’s CODA 
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8.4 Analysis 
8.4.1 Analysis of arrivals 
In the case of a short closure of an arrival airport, a flight will be delayed to arrive after 
the re-opening time or a flight will be diverted to an alternate airport (Eurocontrol, 
2006b). If the closure is likely to be longer, the Eurocontrol’s Central Flow Management 
Unit (CFMU) will suspend all flights scheduled to arrive at that airport. However, if 
flights still wish to depart, or the information about airport re-opening time is available, 
they can be de-suspended and delayed to arrive after the re-opening time. Those 
flights will be held on the ground and new slots will be assigned to them. Hence, the 
impact of a short airport closure on arrivals has been analysed through extra fuel burn, 
due to CFMU imposed delays (aircraft sent to hold) or due to re-routing to alternate 
airports, and through ground delays. The framework of modelling of arriving flights to 
Heathrow airport is presented in Figure 8-1. 
 
Figure 8-1.  Arriving traffic scenario 
Due to the unavailability of actual airport closure data, several assumptions were made 
and two scenarios were considered. The first scenario, involves diverting all arriving 
traffic to alternate airports. The second scenario imposes delay on some flights, either 
through an airborne hold or through keeping them at the departure airport (ground 
hold). 
8.4.1.1 Flight diversions 
Available alternative airports have been chosen based on analysing Civil Aviation 
Authority (CAA) data of diverted traffic in the period 2002-2006 (CAA, 2002-2006) and 
combining it with usual operating practice12. The list of alternative airports was then 
analysed in conjunction with the Base Case traffic to highlight their availability to accept 
                                                
12 Personal communication with Mr Philip Eveleigh, UK NATS. 
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additional traffic. The analysis indicated that most alternate airports already operate at 
full capacity and there were six airports within the region that are capable of accepting 
additional traffic. After obtaining the list of six available alternate airports, the alternate 
airport choice for a specific flight was based on the flight’s entry point into UK airspace 
or the last navaid used at the time of airport closure. This selection was made by 
choosing the shortest possible route. Figure 8-2 shows available alternate airports for 
the Base Case traffic scenario. 
 
 
Figure 8-2. Selected alternate airports (adapted from CAA (2007b)) 
In the first scenario, 43 flights (originally scheduled to arrive in the period 6-7PM) were 
diverted to an alternate airport. The alternate airport selection criteria were: 
• heavy aircraft are sent to Gatwick, Birmingham, or Manston (Kent),  
• domestic flights are sent to Luton, while 
• all other flights are sent to Southampton or Bournemouth. 
Table 8-2 summarises alternative airports and a number of flights diverted to each of 
them.  
Table 8-2. Alternate airports and number of diverted flights 
Alternate Airport No of Flights Diverted 
Birmingham 5 
Bournemouth 7 
Southampton 7 
Luton 15 
Manston  (Kent) 7 
Gatwick 2 
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Using the RAMS Plus simulation model and the AEM tool the fuel burn of diverted 
flights were calculated and compared with the Base Case scenario (flying to the 
intended airport of landing - Heathrow). The difference represents the extra fuel burn 
due to the diversion. The calculated extra fuel burn from 43 diverted flights resulted in 
an additional fuel burn of 32.7 tonnes, or 103 tonnes of CO2 (Table 8-3). In addition, 12 
flights in the first scenario have lower fuel burn than in the Base Case scenario. It has 
to be noted, however, that all simulations performed excluded the possibility of air 
traffic management delays. In other words, additional fuel burn due to possible 
airspace congestion were not modelled. 
As mentioned previously, the second scenario considered the possibility of keeping 
some flights on the ground while they are waiting for the airport to re-open. In this 
scenario, it is assumed that the aircraft operators have been advised at 6:30PM that 
the airport is going to re-open at 7PM. The selection criterion for alternate airports was 
the same as in the first scenario. Considering all these assumptions, 43 arriving flights 
were either diverted or delayed by a hold (airborne or ground) based on the following 
criteria: 
• domestic flights scheduled to depart from 6-6:30PM are delayed on the ground 
(4 flights), 
• flights scheduled to land before 6:40PM are diverted to alternative airports (26 
flights), 
• flights scheduled to land after 6:40PM are sent to hold for 20 minutes each (13 
flights).  
The analysis of the Base Case scenario and application of the above criteria showed 
that 26 flights in the second scenario were diverted to alternate airports. The calculated 
extra fuel burn of 26 diverted flights is 22.3 tonnes, or an additional 70.3 tonnes of CO2 
(Table 8-3). 
Table 8-3. Extra fuel burn and CO2 emissions from diverted traffic 
  Base Case Diverted Traffic Difference 
Scenario 1 Fuel Burn (t) 525.03 557.75 32.72 
 CO2 (t) 1653.33 1756.36 103.03 
Scenario 2 Fuel Burn (t) 336.03 358.35 22.32 
 CO2 (t) 1058.17 1128.44 70.27 
8.4.1.2 Ground hold 
The second scenario considered the possibility of keeping some flights on the ground. 
Therefore, this scenario induces ground delays as well. More precisely, four domestic 
flights that were originally scheduled to depart between 6PM and 6:30PM (Base Case) 
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are rescheduled and their departure was delayed by 30 minutes, until the information 
about airport re-opening was issued. This gives a total ground induced delay of two 
hours. 
8.4.1.3 Airborne hold 
Apart from ground delays, the second scenario considered the option of sending some 
flights into airborne hold until the airport re-opens. Therefore, the implication of such an 
action (20 minute hold) would be increased travel time and hence higher fuel 
consumption.  
There are four holding areas serving Heathrow airport (CAA, 2007a). The busiest one 
is to the north-east of London, the Lambourne hold in Essex. Another is the Bovingdon 
hold to the north-west of London where some arriving flights are held in a racetrack 
pattern, generally between 8,000 and 15,000 feet. The other two holding areas serving 
Heathrow are at Biggin Hill in Bromley and Ockham in Surrey. These lie respectively to 
the south-east and south-west of London's built-up area. (CAA, 2007a). 
However, due to the unavailability of a strict rule concerning how long flights are kept in 
an airborne hold, a simple assumption of a 20 minute hold is set for all flights. In 
addition, after reviewing the organisation of the airborne holding areas at Heathrow the 
following assumptions were considered as a reasonable description of the “average” 
situation, keeping in mind that procedures for holding will vary in accordance with the 
runway in use, the meteorological conditions, etc (Carlier, Lepinay, Hustache, and 
Jelinek, 2007). The assumptions for the holds are: 
• The holding area design is based on an oval shape with a lateral leg of a one-
minute flight duration, a 180 degree turn, a further one-minute flight leg, and 
another 180 degree turn. Therefore the total time for one turnaround in hold is 
thus assumed to be 4 minutes; 
• The exit point for the holding area (ending the airborne delay) is assumed to be 
7000 feet or the minimum altitude for Heathrow holding areas; 
• The entry point in the hold depends on the traffic already in the queue.  
Knowing that there is a 1000 feet vertical separation between queuing aircraft, 
the flight entry point for a 20 minute delay would be 12,000 feet. 
However, the differences in fuel consumption between holding areas with entry points 
at 8,000, 12,000, or 16,000 feet, are found to be insignificant, and hence their impact 
on the results would be negligible. Therefore, it was decided to present an additional 
fuel burn for the airborne hold as a simple range (minimum and maximum) of 20 minute 
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fuel burn for all possible holding altitudes. More precisely, from the minimum altitude for 
all Heathrow holding patterns (7000 feet) to the holding area maximum (overall, 16,000 
feet). Fuel flow of an aircraft at hold altitudes was derived from the Base of Aircraft 
Data (BADA) (Eurocontrol, 2004). Values for nominal cruise flow have been used. Fuel 
burn in hold at the specific altitude was calculated as in Equation 8-1: 
          (8-1) 
where FHi is fuel burn in hold for aircraft i, 
CFFji is fuel flow of aircraft i in hold at the altitude of j feet, and 
T is the time in hold. 
Table 8-4 summarises the calculated range for total fuel burn and total CO2 emissions 
for 13 aircraft that were sent to airborne hold. Minimum and maximum calculated 
values for 20 minutes hold are given for each aircraft model. These values could be 
overestimated, since calculation was based on the assumption that aircraft are in 
cruise mode for 20 minutes, without going into descent. The calculated extra fuel burn 
from 13 flights in airborne hold is in the range of 12.5-15.7 tonnes, or an extra 39.4-
49.6 tonnes of CO2 (Table 8-4).  
Table 8-4. Fuel burn in 20 minutes airborne hold 
Aircraft Model Number of flights 
Minimum 
Fuel Burn 
(kg) 
Maximum 
Fuel Burn 
(kg) 
MD82 1 958 1052 
B763 3 868 1254 
B772 1 1975 2450 
F50 1 190 242 
A320 2 830 1042 
B734 1 820 886 
A321 1 865 1066 
A343 1 2070 2374 
A319 2 687 910 
Total Fuel (kg)   12516 15736 
Total CO2 (tonnes)   39.43 49.57 
8.4.1.4 Repositioning 
To comprehensively assess the implications of airport closures in both scenarios, 
additional fuel burn due to repositioning of aircraft to the originally intended airport of 
landing was calculated as well. Assuming that aircraft operators intend to go back to 
their normal operating schedule, they would need to fly their aircraft back to the 
intended airport of landing. These air transport movements would not be listed in traffic 
count and might be missed in CO2 emissions national estimates that are based on 
traffic data.  
Chapter 8  Effects of an airport closure 
 134 
Using the RAMS Plus simulation model and the AEM tool, fuel burn and CO2 emissions 
were calculated for diverted traffic in both scenarios. These calculated values, as well 
as the number of repositioned flights within each scenario, are presented in Table 8-5. 
Table 8-5 shows that CO2 emissions that are a result of flights repositioning, represent 
a significant share of total daily UK emissions from domestic traffic (3.7 and 2 percent 
respectively for each scenario). 
Table 8-5. Analysis of flight repositioning 
 Number of Flights Fuel Burn  (t) 
CO2  
(t) 
Compared to 
UK Daily traffic 
(%) 
Scenario 1 43 97.87 308.3 3.7 
Scenario 2 26 54.46 171.5 2.0 
8.4.1.5 Summary of arriving traffic analysis 
A summary of the implications of disruption to arriving traffic for both scenarios is 
presented in Table 8-6. One of the implications of a short airport closure, in the first 
scenario, was added fuel consumption. The extra fuel burn was a consequence of 
flying aircraft to alternate airports and of repositioning them back to the intended airport 
of landing (Heathrow). In total, the first scenario resulted in more than 410 tonnes of 
additional CO2, which represents approximately one percent of total CO2 emissions for 
daily arriving traffic at Heathrow in the Base Case scenario. The second scenario 
effects, in addition to the added fuel burn due to diversions and repositioning, were 
measured through ground delays and additional fuel burn in the airborne hold as well. 
In total, the second scenario resulted in added 281.20 – 291.34 tonnes of CO2. 
Table 8-6. Summary of analysis of arrivals 
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Scenario 1 N/A 102.98 N/A 308.2 411.18 0.95 
Scenario 2 120 70.27 39.43 - 49.57 171.5 281.20 - 291.34 0.65 – 0.67 
8.4.2 Analysis of departures 
The short Heathrow closure and its impact on departures was analysed from two 
aspects. The first one analysed extra travel time, based on induced delays due to 
changes in a flight’s departure time. The second aspect considered analysis of the 
number of cancelled flights due to excessive delay (i.e. more than four hours) and with 
airport night time noise restrictions.   
Chapter 8  Effects of an airport closure 
 135 
The Basic CFMU Handbook, Air Traffic Flow and Capacity Management (ATFCM) 
Users Manual (Eurocontrol, 2006b) states that in cases of airport closure the CFMU will 
assess the duration and nature of the closure based on the information received and 
accept the filed flight plans in the flight plan processing system. In addition, at the same 
time, the CFMU will regulate flight plans through: 
• either cancelling flights in the event of a longer closure, or 
• imposing delays on arrivals or departures, until the airport is opened again. 
The ATFCM User Manual (Eurocontrol, 2006b) in addition states that in cases of a 
short period closure (i.e. less than one hour) the flight will be delayed to depart after the 
re-opening time and a new slot will be issued. However, the new take off time may be 
modified, as the situation requires. The procedures that apply in the event of an airport 
closure and the consequent delays to departing aircraft are largely situation dependent.  
The CFMU states that the delayed aircraft operators would have to revise their planned 
flight departure time with the CFMU as soon as the airport opens (Eurocontrol, 2006b). 
In the event that there are restrictions on the route to be flown, or restrictions at the 
airport of destination, the new slot times will be allocated to each aircraft. This is what 
determines departure sequence priority, not the fact that the aircraft may have already 
been delayed for several hours. Therefore, if an aircraft has been delayed for a number 
of hours, due to an airport closure, however decides to fly on a regulated or restricted 
route, it may not necessarily receive priority over an aircraft that was scheduled to 
depart at the time of the airport re-opening if the scheduled traffic is not subject to 
restriction or regulation. The slot time priority will dictate the departure sequence in this 
event. However, if no slot restrictions apply, the traffic that has been delayed due to the 
airport closure should receive priority as ATC allocates priority to aircraft on the 
principle of “least average delay”13. Overall, these examples show that the reallocation 
of flights to new slots is a very complex process that depends on the overall air traffic 
situation at that moment. 
Since the objective of the departure analysis is to model a hypothetical short Heathrow 
closure, as close to a real scenario as possible, these work practices were taken into 
account. Two different scenarios were tested. The first scenario, assumes there are 
restrictions on routes to be flown and restrictions at the airport of destination. The 
                                                
13 Personal communication with Mr Alan Byrne, ATM Specialist, Irish Aviation Authority. 
Chapter 8  Effects of an airport closure 
 136 
second scenario has no restrictions on their subsequent flight plan.  
In the first scenario, Heathrow traffic after 6PM (the assigned time of airport closure) 
were rescheduled based on the following rules and assumptions: 
• Heathrow departures that are scheduled to depart after 7PM do not change 
their originally scheduled departure time, 
• delayed flights (flights that were originally scheduled to depart in the period 6-
7PM) are rescheduled to available slots after 7PM considering that: 
• minimum separation time between flights is set to 1.25 minutes (60min/48 
flights (maximum declared capacity) = 1.25 minutes) 
• rescheduled flights depart in the same order as in the original sequence (Base 
Case), with the exception that intercontinental flights have priority over short 
haul and domestic, 
• destination airports are open to accept departing traffic regardless of their time 
of landing. 
During low visibility events, for example, airlines are forced to make a decision on 
which flights to cancel. The recent Christmas 2006 delays at Heathrow were a perfect 
example of airline decision making with regards to this policy. British Airways was most 
affected by this recent event since they have 40 percent of flights at the airport and 
they are the only one with a large mix of short, medium and long haul flights. During 
this Christmas disruption British Airlines cancelled all domestic and a large number of 
short haul flights. The reason why short-haul and domestic flights were canceled is that 
for British Airways it is easier and more manageable, on balance, to cancel short-haul 
flights since it is argued that passengers can better make alternative arrangements, as 
frustrating as it is for them. In addition, at the same time, Paris and Brussels flights 
were also pulled, for example, since the channel tunnel trains were able to take some 
of the slack easily. On the other hand, all long-haul flights have been operating fairly 
normally. Overall, this type of cancellation policy was British Airways standard policy in 
recent years (examples: August 2006 - security threat, December 2006 - fog). 
In general, in large system disruption situations, airlines sometimes cancel flights up 
front for a day or two in order that passengers know when they are and can make 
alternative arrangements if possible. This is the preferred policy rather than the old ad 
hoc “make-it-up-as-you-go” routines. In some ways this also saves airlines some 
money while seeming to be more customer friendly.  
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Figure 8-3 depicts the Heathrow Base Case scheduled departing traffic volume per 
hour (bars). More precisely, it presents the number of departing flights within each 
hour. In addition, using the minimum time separation rule (of 1.25 minutes), The Figure 
shows the maximum number of available free slots within each hour (yellow arrows). 
The total number of available slots until 11:30PM (64) suggests that the only reason for 
flight cancellation would be a delay of more than four hours. More precisely, only 24 
departures may receive a new slot without experiencing a delay of more than four 
hours.  
 
Figure 8-3. Available slots 
These 24 departures are delayed between 1h 22min and 3h 56min, with the average 
delay of delayed flights being 2h 47min. Overall, the total delay of flights that were 
originally scheduled to depart after 6PM is 4026.6 minutes, whilst the average delay 
per flight is 27.77 minutes (Table 8-7). There are 24 cancelled flights due to delay of 
more than four hours. Most of them are domestic flights, since priority is given to 
intercontinental or long haul flights. This was done in order to minimise the impact of 
those flight cancellations on passengers and to minimise induced reactionary delays. 
As mentioned before, this is usual working practice14 that could have been observed 
during two large recent Heathrow disruptions, in August and in December 2006. During 
these disruptions, all domestic short-haul flights, and most EU flights were cancelled. 
 
                                                
14 Personal communication with Mr Philip Eveleigh, UK NATS. 
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Even though the number of departures at Heathrow, after 6PM is decreasing (145 
scheduled flights in total), this assumed short airport closure resulted in cancellation of 
over 16 percent of the remaining departures (i.e. after shut down). From this, it is 
evident that the implications of a longer airport closure or cancellation of airport 
operations earlier during the day would be much larger. 
The assumptions relevant for the second scenario are as follows:  
• all flights, originally scheduled to depart after 6PM, were allocated new slots 
based on the least average delay, however, 
o if the new slot is earlier than the scheduled one (in the Base Case), the 
flight will use the scheduled one; 
• minimum separation time between flights is set to 1.25 minutes, 
• all flights depart in the same order as in the original sequence (Base Case), and 
• there are no constraints on routes and destination airports. 
Flights are delayed between 26min and 1h 11min, whilst the average delay of delayed 
flights is approximately one hour. Overall, the total delay of flights that were originally 
scheduled to depart after 6PM is 10,102.9 minutes (Table 8-7). In addition, there were 
no cancelled flights due to the excessive delay of more than four hours or due to the 
night noise restrictions. 
Table 8-7. Summary of analysis of departures 
 Total Delay (min) 
Average Delay 
(min) No of cancelled flights 
Scenario 1 4026.6 27.77 24 
Scenario 2 10102.9 59.78 0 
8.5 Short airport closure cost assessment 
An economic cost assessment of the simulated airport closure was performed 
separately for departing and arriving traffic. The economic consequences of the airport 
closure were measured based on air traffic delays, flights cancellations and flight 
diverting to alternate airports.  
8.5.1 Review of delay cost studies 
Different sources of cost of air transport delay are available. The most important 
studies and reports are: 
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• The most recent report is that of by the University of Westminster 
commissioned by the Eurocontrol Performance Review Unit (PRU) and 
published in 2004 (Eurocontrol, 2004b);  
• The Institut du Transport Aérien (ITA) study of the cost of ATFM delays in 
Europe in 2000 that was commissioned by the Eurocontrol PRU (ITA, 2000); 
• The UK Civil Aviation Authority (CAA) publication CAP672, which contains a 
detailed revenue and expenses account for all major UK airlines over their 12 
month accounting period. Values are based on 1997 financial data, adjusted in 
the source document to 2000 prices; and  
• The International Air Transport Association (IATA) Airlines Economic Task 
Force report on cost per minute of delay, where values were based on 2000 
data and updated in 2002.  
These four documents include different sources of costs in their estimates, and hence it 
is difficult to compare them. Overall, in all studies in the literature, the approach to 
delay cost estimation is based on strong assumptions, such as that the cost of delay is 
an additive function of the cost of individual delay and the cost of each delay event is a 
linear function of the duration of the delay.  
The ITA study (ITA, 2000) of the cost of ATFM delays in Europe provides an estimation 
of costs of delays based on the cost for passengers and airlines drawn from previous 
studies on the value of time. The study considers besides overt delays, (i.e. the 
difference between actual and scheduled arrival times) the delay represented by the 
difference between actual and optimal schedules. The study is based on 1999 data and 
distinguishes between the cost of an initial or primary delay and the cost of 
consequential or reactionary delay. In deriving a cost per minute of delay, the report 
presents an operating staff cost element based on total crew costs (including crew 
costs valued at the overall average crew cost per minute for all operations) and on 
marginal crew costs (including estimates of the incremental effect of delays on crew 
costs) (ITA, 2000). For primary, ATFM delay (en-route or airport), the value based on 
marginal crew costs is suggested as being more realistic.  
Overall, the estimations offered by this study are quite rough as acknowledged by the 
authors for two reasons. First, the study uses a vague estimation of the cost per minute 
for both airlines and passengers for the two kinds of delays considered. In addition, the 
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same value of time is applied for buffer15 and schedule delays (De Villemeur, Ivaldi, 
and Urdanoz, 2005). On the other hand, in the Westminster report these values are 
different, in particular, their approximation for the value of buffer time is on average 70 
percent smaller than for the cost of schedule delay. In the ITA study, the average cost 
for buffer is a bit larger than the cost for schedule delay, which makes unreasonable 
the existence of buffers (De Villemeur, Ivaldi, and Urdanoz, 2005). Furthermore, it is 
difficult to justify such a high cost of buffer time for passengers, since passengers 
probably do not take the buffer time into their expectations, but rather look to the 
scheduled time. Second, the ATFM delays do not include reactionary delays and do 
not take into account possible differences between the slot take-off time and the actual 
departure time caused by airport or aircraft operator operations. 
The ITA study in addition, does not distinguish between airborne and ground delays 
and thus the values are effectively a weighted average of the two. Therefore, for the 
purpose of this analysis their estimates were not adequate due to requirements to 
separate costs between airborne and ground delays. 
The IATA report suggests that the cost per minute of delay should be taken as “being 
the same as the average aircraft direct operating cost per minute” (Eurocontrol, 2007) 
and presents values based on a collection of member airlines' costs. The difference 
between the ground and airborne costs is accounted for only by the fuel and 
maintenance costs. Hence, delay costs produced on this basis do not take account of 
induced costs (e.g. passenger compensation) or the difference between primary and 
reactionary delay. Moreover, the IATA evaluation does not include ground personnel, 
ground equipment, passenger driven and hub and connection additional cost items. 
IATA has subsequently advised on revisions to the final delay cost value, however, this 
type of data is not yet available.  
In addition, the values from both the ITA study and the IATA report are only applicable 
to “long” delays since they include costs that are unlikely to arise from short delays 
(e.g. crew salaries and expenses). In this sense both possibly present high estimates 
for delay costs. On the other hand, the CAA study and Westminster report quote 
different values for long and short delays. 
                                                
15 Buffer delay is added to the planned flight time in order to accommodate statistically 
foreseeable delays. Published schedules generally already incorporate a buffer. 
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The CAA report contains detailed revenue and expense accounts for all major UK 
airlines over their 12 month accounting period. Values are based on 1997 financial 
data, therefore, their estimates may be outdated. The report selects cost categories 
affected by airborne delays. Under short delays (less than 20 minutes) many of the 
costs were omitted, as they are unlikely to arise. Costs per hour of delay in the CAA 
report are calculated by adding up the relevant costs and dividing them by total 
operational hours. Therefore, their values may represent an overestimation of the real 
costs. In addition, passenger time cost is not included in any way. For all these 
reasons, it was decided to reject the CAA report values for the cost estimate analysis in 
this thesis. 
In the cost assessment of delays, the knock-on effects of delay should be considered. 
Effects of downstream delay can accumulate extra delay for a given aircraft. In other 
words, when a plane is delayed on one of the day's flights, there can be a carryover 
delay that affects later flights by that aircraft. Therefore, it is important to include this 
aspect in the overall analysis. The Westminster report and ITA study do quote separate 
values for the knock-on effect, whilst the CAA report has used only a simple 
approximation. The IATA report, on the other hand, does not take into account knock-
on effects.  
The University of Westminster report (Eurocontrol, 2004b) is the most recent and 
comprehensive report on the cost of delays in the air traffic management system. It 
represents a specific and a thorough analysis of delay costs for the whole of Europe 
and contains the most recent data. It contains a detailed assessment of the delay costs 
for 12 specific aircraft types and derives an estimate of the average delay cost per 
minute in Europe. The report considers the length of the delay (15 (short) and 65 (long) 
minutes delays), where it is incurred (airborne, on the ground, at the gate, during 
taxiing), and whether only the initial delay is considered or whether the cost of 
reactionary knock-on effects (network effects) is included. For each delay's duration the 
report estimated low, base and high cost scenarios. For example, high cost scenarios 
include a higher probability of missing connections, the highest load factor and the 
highest weight payload factor amongst other factors considered.  
The report also considers tactical delay (i.e. actual observed delays) and strategic 
delay (i.e. the buffer built into schedules to allow for an anticipated level of delay) 
separately (Eurocontrol, 2004b). The study reports airborne and ground costs 
separately, starting from each cost element, i.e., crew costs, handling costs, fuel, 
maintenance costs, airport charges, passengers compensation for each type of aircraft 
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and destination.  
The data for their analysis are obtained through interviews conducted with airlines, 
handling agents, aircraft operating lessors and other parties. Overall, for ECAC16 
studies, Eurocontrol recommends the use of the University of Westminster report as its 
values have been adopted in key performance indicators presented by the 
Performance Review Commission (Eurocontrol, 2007c). 
8.5.2 Departing flights  
From the analysis of departing flights (Table 8-7), that are affected by the short airport 
closure, two different costs could have been evaluated. These are costs associated 
with the ground delay, and costs due to flight cancellations. It has to be noted however, 
that the “origin” of costs17 attributed to ground delay could not be distinguished. In other 
words, these costs could arise from additional emissions from aircraft engines while 
stationary or taxiing, from auxiliary power units (APU), or from ground power units 
(GPU). However, since no assumptions have been made during the departure traffic 
analysis concerning the operating mode of an aircraft delayed on the ground, and due 
to the unavailability of such data, it was decided to neglect this issue and to present the 
“overall” cost of a ground delay.  
Due to the requirements of this analysis (to differentiate the cost of ground and 
airborne delays) and its applicability to the whole of Europe, the University of 
Westminster report provides the best data. Table 8-8 lists the average cost per minute 
to the airline of delaying a passenger air transport aircraft, based on the methodology 
presented by the University of Westminster, that are updated to 2006 price levels 
(Eurocontrol, 2007c). As mentioned before, three different cost values are available, 
two values estimating tactical delay (with or without network effects) and values 
estimating the cost of strategic delay. Since strategic delay represents the buffer 
already built into airline schedules in anticipation of delays, it was not adequate for this 
analysis. In addition, in order to account for the effect of consequential delays caused 
either to the aircraft acquiring the initial delay or to the other aircraft, it has been 
decided to use values that assume a network effect.  
                                                
16 The European Civil Aviation Conference (ECAC) which currently consists of 42 member 
states comprising almost all European states. 
17 Refers only to environmental costs. 
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The direct cost to an airline from Table 8-8 represents the actual monetary payments 
made by the airline. The passenger opportunity cost represents the loss of potential 
future earnings for a single airline but, when considering the cost of delays for the 
whole fleet, the loss to one airline would, to a large extent, be a gain to others. 
However, in broader terms the opportunity cost may be considered to be a valuation of 
the cost of delay to passengers.  
Although the Westminster Report does not address the value of passenger time 
directly, the passenger opportunity costs represent an estimate of the value that an 
airline places on the time of its passengers and is the amount an airline would have to 
spend in order not to lose passengers. The passenger value of time may therefore be 
considered to be implicitly included in the overall cost value and should therefore not 
be included in addition to this (Eurocontrol, 2004b). 
To include the possibility of adding the cost of these delays to passengers, it was 
decided to include the passenger opportunity cost in the overall cost analysis. This cost 
is assumed to be equivalent to the cost of delay to passengers in the Westminster 
report, which represents “a lost future potential revenue from passengers who choose 
not to fly with a particular airline again as a consequence of delay currently 
experienced” (Eurocontrol, 2004b). It has to be noted however, that cost defined in this 
way may be an unrealistic add-on to weather delay cost assessments. It could be 
argued that the choice of airline is less likely to be affected after a weather delay than 
after another type of delay where the airline can more clearly be blamed. However, it 
was decided to keep this type of passenger cost in order to properly estimate “the 
worst case” scenario. In summary, values used in this analysis correspond to values of 
overall cost of tactical delay with network effect from Table 8-8. 
Table 8-8 Cost of delay (from Eurocontrol, 2007c) 
Delay costs per minute (€)  
Tactical 
without network effect 
Tactical 
with network effect Strategic 
 Ground Airborne Ground Airborne Ground Airborne 
Direct cost to an airline  25 40 39 54 22 49 
Passenger opportunity cost  22 22 39 39 - - 
Overall cost  47 62 78 93 22 49 
Values for the cost of flight cancellations have been derived from the Eurocontrol 
document which provides a set of “standard inputs” for commonly used data in 
Eurocontrol cost-benefit analyses (CBAs) (Eurocontrol, 2007c). The document 
presents two sources that provide the average cost of cancelling a commercial 
scheduled flight. The first one is more generic, and estimates cost of a flight 
cancellation at 6,680 euros. The value was developed for Eurocontrol’s CBA in order to 
Chapter 8  Effects of an airport closure 
 144 
assess the cost to commercial airlines of the disruption caused by low visibility at 
airports where a Category I instrument landing system was not available. The 
Eurocontrol (2007c) estimate is an adjusted value from the 1999 value from the original 
document. This cost value is used as “Cancellation Simple” in this chapter analysis. 
The second source comes from the airline members of SESAR18 evaluation team and it 
is derived from an analysis of 2006 data. The values refer to cancellation on the day of 
operation and include (Eurocontrol, 2007c): “service recovery costs (passenger 
vouchers, drinks, telephone, hotel), interline costs (rebooking revenue), loss of future 
value (individual passenger delay expressed in value), operational savings (fuel, en-
route charges, crew facilities, handling outstations, lounges outstations, board 
supplies)”. Costs that are not included within these estimates are ground handling 
costs, missed connection compensation, denied boarding compensation, and luggage 
delivery costs. Table 8-9 shows typical values of flight cancellation costs derived from 
this source. These cost values are used as “Cancellation – Case Specific” in this 
chapter’s analysis. Overall, it has to be noted that all these values for cost of flight 
cancellation should be treated as rough estimates. 
Table 8-9 Cost of flight cancellation - Case Specific (Eurocontrol, 2007c) 
Type of Aircraft Cost of Cancelled Flight (€) 
50 seat narrow body aircraft 3,200 
120 seat narrow body aircraft 15,000 
400 seat wide body aircraft (intercontinental flight) 70,000 
Ground delay costs and flight cancellation costs have been calculated for both 
departure disruption scenarios considered in this chapter and they are presented in 
Table 8-10. The costs of flight cancellations in the first scenario have been calculated 
using both simple and case specific values. Calculated costs for ground delay refer to 
the cost of delay incurred on the ground (i.e. these values actually refer to at-gate only, 
whereas taxiway values would in fact be rather higher). 
Table 8-10. Departing traffic disruption costs (€) 
  
Ground 
Delay 
Cancellation 
(Simple) 
Cancellation 
(Case Specific) 
Cost Total 
(Simple) 
Cost Total 
(Case Specific) 
Scenario 1 314,074.8 160,320 635,000 474,394.8 949,074.8 
Scenario 2 788,026.2 N/A N/A 788,026.2  
 
                                                
18 SESAR - Single European Sky ATM Research 
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From the analysis of arrival flights (Table 8-6) that were affected by the airport closure 
two different costs could have been evaluated. These are costs due to either ground or 
airborne delay (i.e. ground or airborne hold) and costs due to flight diversion to 
alternate airport.  
8.5.3 Arrival flights 
The economic analysis of the simulated airport closure on arrival flights was performed 
through assessment of costs associated with air traffic delays and flight diversions. As 
with the analysis of departure disruption costs, arrival delays (ground and airborne) 
have been estimated using the Westminster report values (Eurocontrol, 2007c) 
presented in Table 8-7. In addition, the Eurocontrol document (2007c) provided two 
possible values for the average cost of a diversion for commercial scheduled traffic 
(Table 8-11). The first one, developed from the past Eurocontrol CBA analysis, 
estimates cost of a flight diversion at 4,760 euros (value adjusted from 1999 prices). 
This value is used as “Diversion Simple” in this chapter analysis. The second source 
comes from an analysis of 2006 data, supplied by airline members of the SESAR 
evaluation team (Eurocontrol, 2007c). Both values for diversion costs are average 
European values. However, it has to be noted that actual values may vary considerably 
depending on the location of the diversion (Eurocontrol, 2007c). 
Table 8-11. Cost of flight diversion - Case Specific (Eurocontrol, 2007) 
Type of Flight Cost of Diverted Flight (€) 
Regional Flight 700 – 5,000 
Continental Flight 1,000 – 7,500 
Intercontinental Flight 5,000 – 55,000 
Typical Values  
120 seat narrow body aircraft 5,000 
400 seat wide body aircraft 17,000 
Delay and flight diversion costs have been calculated for both arrival disruption 
scenarios considered in this chapter and they are presented in Table 8-11. The 
calculated costs for ground delay in the first scenario refer to the cost of delay incurred 
during ground hold. The costs of airborne delay, in the second scenario, represent the 
cost that is induced during the airborne hold. Hence, 26 flights that are sent to hold for 
20 minutes, resulting in a total of 520 minutes of airborne delay. The flight diversion 
costs, in both scenarios, were calculated using both simple and case specific values.  
Table 8-12. Arriving traffic disruption costs (€) 
 
Ground 
Hold 
Airborne 
Hold 
Diversion 
(Simple) 
Diversion 
(Case Specific) 
Cost Total 
(Simple) 
Cost Total 
(Case Specific) 
Scenario 1 N/A N/A 204,680  239,000  204,680  239,000 
Scenario 2 9,360 48,360 123,760  142,000  181,480  199,720 
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Overall, the calculation of the total cost, for a hypothetical short airport closure, should 
be treated as a rough estimate due to the necessary assumptions made throughout the 
analysis presented within this chapter, and the cost value estimates of specific 
implications (i.e. cost of minute of delay, flight cancellation cost, etc.). 
8.6 Environmental cost assessment 
This section aims to conduct an environmental cost assessment of arrival traffic 
disruptions due to the simulated Heathrow closure. More precisely, this section covers 
the analysis of the costs that are related to the environmental impact of CO2 emissions 
of airborne delays (i.e. airborne hold), flight diversions (i.e. diversion to an alternate 
airport), and aircraft repositioning. The impact of ground delays, and hence departing 
traffic disruptions, have not been measured due to a lack of information on appropriate 
assumptions regarding aircraft ground hold practices (i.e. APU, GPU, or engines 
running). In addition, the other environmental aspects of local impact such as noise, 
degraded air quality, soil or water pollution, and non-carbon global impacts such as 
NOx, have not been considered.  
For CO2 emissions, a low, base, and high unit cost has been derived from Eurocontrol 
(2007c). The unit cost is 11, 33, and 55 euros per tonne of emitted CO2 respectively. 
The source for these values was a Delft document (Delft, 2002) that represents an 
international overview of shadow prices for aircraft emissions, of their emission indices, 
and their effects. In addition, calculations were done using the Stern Review (2006) 
carbon price values that gives the latest estimate of external costs, as well as 
mitigation costs; and the EU ETS current market carbon price (from 
http://www.pointcarbon.com) was also used to represent what this could potentially 
cost airlines. 
Using calculated values for extra CO2 emissions for diversion to alternate airports and 
flight repositioning from Table 8-6, and averaging values for airborne hold emissions, 
the carbon costs of arriving traffic have been calculated and they are presented in 
Table 8-13. Costs have been calculated for both arriving traffic disruption scenarios. It 
is interesting to see that although the scenarios considered different traffic disruption 
assumptions, the overall carbon costs are quite similar. In addition, the comparison of 
economic assessment costs of arriving traffic disruptions due to airport closure (Table 
8-12) and its carbon costs (Table 8-13), shows that the latter can be approximately five 
times larger. This represents an alarming finding that must be considered when 
assessing air transport operations’ vulnerability to severe weather events. 
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Table 8-13. External environmental costs of short airport closure 
Cost (€) €/CO2 
tonne Alternate 
Hold 
(average) Repositioning Total 
Scenario 1      
Low 11 41,912.86 N/A 125,437.4 167,350.26 
Base 33 125,738.58 N/A 376,312.2 502,050.78 
High 55 209,564.30 N/A 627,187.0 836,751.30 
Stern 82 - 9519 312,441.32 361,974.70 N/A 
935,078.80 
1,083,323.00 
1,247,520.12 
1,445,297.70 
ETS 22.320 84,968.80 N/A 254,295.82 339,264.62 
Scenario 2      
Low 11 28,599.89 18,111.5 69,800.5 116,511.89 
Base 33 85,799.67 54,334.5 209,401.5 349,535.67 
High 55 142,999.45 90,557.5 349,002.5 582,559.45 
Stern 82-95 213,199.18 246,999.05 
135,013.0 
156,417.5 
520,331.0 
602,822.5 
868,543.18  
1,006,239.05 
ETS 22.3 57,979.78 36,717.0 141,504.7 236,201.38 
Overall economic costs, based on the simulated airport closure (departure and arrival 
traffic disruption costs) from Tables 8-10 and 8-12 indicate that costs are in the range 
from 700,000 to over 1,250,000 euros approximately, depending on the scenario and 
assumptions. However, considering additional carbon costs from Table 8-13 it is 
evident that total costs of such an airport closure could double.  
8.7 Summary of findings 
This chapter assessed the implications of severe air transport system disruption, due to 
extreme weather, by analysing its impacts with the example of a hypothetical short 
Heathrow closure. The traffic disruptions have been measured through delays, 
additional fuel consumption, flight rerouting to alternate airports, and flight 
cancellations. The impact of these traffic disruptions were analysed separately for 
arriving and departing traffic.  
Assessment of departing traffic disruptions, due to an airport closure, consisted of 
analysis of induced ground delays and the frequency of flight cancellations. Two 
different scenarios were considered, depending on operational practices. Similarly, 
assessment of arriving traffic considered analysis of induced delay (either ground or 
airborne), flight diversions, and flight repositioning. Besides induced delays, airborne 
                                                
19 Stern report does not have a firm recommendation for a carbon price, it gives a range from 
120-140$ per tonne of carbon. 
20 ETS carbon price – market price from December 7th, 2007. 
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holds were assessed based on additional fuel consumption. In addition, CO2 emissions 
were calculated for flight diversions and flight repositioning.  
The summary for both arriving traffic scenarios is presented in Table 8-1. The 
implication of a short airport closure, in the first scenario, during which all arriving traffic 
has been diverted, resulted in an additional 410 tonnes of CO2 that is approximately 
one percent of total CO2 emissions of daily arriving traffic at Heathrow in the Base 
Case scenario. On the other hand, in the second scenario the added fuel burn was 
approximately 30 percent lower than in the first one, due to the fact that some flights 
were delayed on the ground.  
Another finding was made during the analysis of diverted traffic repositioning. This 
showed that CO2 emissions, that are a result of flight repositioning, represent 
approximately 3.7 and 2 percent of daily emissions of all UK domestic flights (Table 8-
5). This clearly emphasises the importance of future disruptions to national UK 
emissions estimate. 
In addition to the modelling and assessment of the level of disruptions to airport 
operations, a cost assessment was performed as well. This consisted of estimating 
costs of ground and airborne delays, flight cancellations, and flight diversions. 
Table 8-1 shows that the second modelled scenario of departure traffic disruptions 
induced more ground delays. However, evaluating the case-specific cancellation costs 
of the first scenario, its overall costs rise a great deal. Although the difference between 
two departure traffic scenarios is in this case less then 17 percent, the preference 
should be for fewer flight cancellations, and hence on the second scenario. In addition, 
it may be suggested that estimates of ground delay are somewhat overestimated since 
delay costs do not necessarily grow linearly with time (Eurocontrol, 2004b). However, it 
is considered practical to apply the values from the Westminster report because there 
was no ground delay, in both scenarios, below 15 minutes. Therefore, these are 
unlikely to be underestimates. 
The CFMU principle concerning allocation of the new flight departure slots is usually 
based on the ground delay principle. This is supported by the fact that flights enroute 
might encounter traffic overload, which becomes a safety concern. In addition, there is 
a belief that, in theory, for aircraft operators ground delay should be more economical 
than enroute delay. However, as suggested by Carlier, et al. (2007) this may not 
always be true, since the efficiency of ground versus air delays can depend on various 
factors, ranging from aircraft type, the delay duration, the airline operational 
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organisation and the strategic importance of the delayed flight. 
The economic cost assessment of arriving traffic disruptions revealed that the biggest 
share of costs are due to fight diversions. However, the total cost, for both scenarios, 
are much less than costs related to departing traffic disruptions (approximately one 
fifth). This can only suggest that in severe weather events of this magnitude, the 
common belief that it is cheaper to delay flights on the ground than in the air may be 
untrue in broader terms.  
In addition to the cost assessment of operational disruptions due to airport closure, and 
its effects on aircraft operators and passengers, assessment of carbon costs 
associated with it was done as well. The second arrival traffic disruption scenario, with 
some flights sent to airborne hold, is estimated to induce a cost of approximately half a 
million euros (based on the middle level cost of CO2). However, this is based only on 
CO2 emission costs. Considering other pollutant costs (e.g. NOx) these figures would 
be even larger. In general, the environmental assessment of air transport system 
disruption due to possible severe weather conditions (i.e. short airport closure) 
suggests that the implications of such events go beyond obvious economic impacts 
(i.e. delays, cancellations, etc). 
Overall, the analysis of a short airport closure revealed large costs related to such an 
event. The disruptions associated with a closure have shown significant operational 
and environmental implications. With the possibility of changes in the frequency and 
severity of extreme weather events, associated with climate change, this result adds to 
our understanding of future potential costs of climate change. In addition, implications 
of this type of severe system disruption on the overall network are expected to be much 
larger (i.e. loss of connecting flights, impact on operations of other airports, airspace 
congestion, etc.). However, that type of analysis was not possible in this thesis due to 
lack of data. 
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9 Potential effects of climate change in 2050 –  
A case study of Heathrow Airport  
As discussed in previous chapters, the most common effect of weather conditions on 
air transport operations is air traffic delay and these delays are expected to change 
with increasing climate variability. This chapter evaluates the impact of changing 
weather on air transport operations over the coming 50 years. The impacts of future 
weather conditions due to changing climate have been examined using a case study of 
London’s Heathrow airport. It has to be noted, however, that the impact of changing 
climate has been assessed for a limited range of weather parameters due to the lack of 
available data. The chapter begins with an explanation of the data used to forecast 
changes in weather patterns. Seven climate models were used to calculate changes in 
weather parameters in 2050 for three different emission scenarios (i.e. images of the 
future). The chapter further explains how these forecast changes have been used to 
derive an estimate of weather-related delay frequency and the level of impact in 2050. 
Overall, using the models developed in Chapter 7 (i.e. the Delay Model and Delay 
Impact Model) and forecast changes from climate models, this chapter analyses 
weather-related delay at Heathrow airport in 2050. In addition, a qualitative 
assessment of weather parameters in the future is given as well. The chapter 
concludes with a summary of findings. 
9.1 Background to the problem 
As explained in previous chapters, the overall objective of this thesis is to investigate 
the implications of climate change for the UK aviation sector, with an aim to understand 
how the sector will be affected, primarily in terms of the impacts of increasing weather-
related delays and the implications for air traffic management. Statistical analysis of 
delay and weather data in Chapter 7 identified the key weather parameters associated 
with weather-related delays at Heathrow and their level of impact. The analysis showed 
that specific weather phenomena have a major effect on airport operations and the 
occurrence of weather-related delays, while the impact of some is negligible. In 
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particular, fog, snow, thunderstorms, wind speed, and visibility have a major impact, 
while rain, head/tail winds, and crosswinds have only a minor effect. An overview of 
current knowledge on future climate scenarios and how the climate of the UK may 
change in the future was provided in Chapter 3. This review highlighted the impacts of 
changing climate in the UK that are important for air transport. In particular, that 
increases in the frequency or magnitude of extreme weather events could amplify the 
costs to the UK air transport sector due to large system disruptions (e.g. delays). To 
assess the implications of changing weather patterns, and hence climate change, on 
UK air transport, forecast changes in weather parameters were used in conjunction 
with various statistical models developed in this thesis to estimate the frequency and 
possible severity of weather-related delays in 2050. 
9.2 Climate scenarios 
Heathrow weather-related delays estimated in this thesis use the assumptions and 
future predictions of the Intergovernmental Panel on Climate Change (IPCC). In 
general, the IPCC in their Special Report on Emissions Scenarios (SRES) explored 
pathways of future greenhouse gas emissions. Although, the main objective of SRES 
scenarios is to allow the impacts of a range of different emissions scenarios to be 
assessed, and to explain the future in terms of greenhouse gas emissions, their 
assumptions concerning the future are based on sets of assumptions about energy 
use, population growth, economic development, and other factors. They consider a 
variety of possibilities, however they exclude any global policy to reduce emissions to 
avoid climate change (IPCC, 2000). Finally, the SRES scenarios are well recognised 
and widely used for these types of impact assessment studies and as such are 
appropriate as a basis for assessing Heathrow weather-related delays in future. 
The scenarios are not specific predictions or forecasts of the future and future climate; 
they are rather images of the future or possible alternative futures. Each scenario is 
one alternative image of how the future may unfold, in other words, an example of what 
can happen under particular assumptions on use of fossil fuel and other human 
activities (IPCC, 2000). In addition, it is not possible to attach probabilities to any of the 
SRES scenarios. These scenarios are all plausible descriptions of socio–economic 
trends that could affect future emissions of greenhouse gases. Overall, the SRES 
scenarios are useful tools for scientific assessments, and they can help in policymaking 
and assist in climate change analysis, including climate modelling and the assessment 
of impacts, adaptation and mitigation.  
Chapter 9                                                                      Potential effect of climate change in 2050 
 153 
The SRES scenarios can be categorized into four groups and four “marker” scenarios 
represent them. Figure 9-1 presents these four groups of SRES scenarios and their 
main assumptions about the future. The choice of climate scenarios in this thesis is 
based on the availability of data from climate models. More precisely, projections are 
available for scenarios A1B, A2, and B1. In addition, this complies with the IPCC study 
(2007) that focussed its attention on these three cases: a Low case (B1), Medium case 
(A1B) and a High case (A2).  
 
Figure 9-1. SRES scenarios (adapted from IPCC, 2001) 
Short summaries of the three SRES scenarios used in this thesis, on which the climate 
models are based, are as follows (IPCC, 2000): 
• A1B Scenario - describes a world with high economic growth. World population 
will have peaked by the middle of this century and gradually declined thereafter. 
New and efficient technologies will be introduced world wide, regional differences in 
income and living standards will even out. The source of energy used to drive this 
expanding economy is based on a mixture of different energy sources (on a 
balance between fossil fuels and other energy sources).  
• A2 Scenario - describes a heterogeneous world. The main assumption is 
regional independence and the continuation of regional differences. World 
population increases steadily during the next 100 years. The economic 
development, living standards and incomes are regionally quite different, and 
technological progress proceeds only slowly (more fragmented and slower than in 
other scenarios).  
• B1 Scenario - assumes, similar to the A1-scenarios, a world population, which 
stabilizes during the next century. Economic development proceeds in the direction 
of a service oriented society with a reduced usage of natural resources and the 
introduction of clean and efficient technologies. The main emphasis lies on global 
and sustainable solutions.  
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9.3 Climate models 
A climate model is a computer program designed to simulate Earth’s climate. Climate 
models are based on mathematical equations that describe the behavior of the 
atmosphere and ocean, and their interactions with other components of the Earth 
system. They are based on well-established physical principles and have been 
demonstrated to reproduce observed features of recent climate and past climate 
changes (IPCC, 2007). A model’s core equations, describe how temperature, pressure, 
winds and other variables in the atmosphere and oceans change over time. The 
climate variables in the models are represented on a three dimensional grid covering 
the atmosphere and the oceans (NERC, 2007). 
There is large confidence that climate models provide convincing quantitative 
estimates of future climate change, particularly at continental and larger scales. 
Confidence in these estimates is higher for some climate variables (e.g., temperature) 
than for others (e.g., precipitation) (Randall et al, 2007). 
All climate models are based on the same basic physics, but they differ in some other 
details. Moreover, each climate model contains inherent uncertainties related to the 
hypotheses and the simplifications of the reality on which it is based. Therefore, 
although they broadly agree, they can generate different outcomes (NERC, 2007). 
Hence, using results from different models helps to assess uncertainty, and enables 
estimation of the likelihood of various changes of future climate with higher confidence. 
In addition, since climate model projections of the future depend on future estimates of 
greenhouse gas emissions, users are encouraged to use several climate models and 
scenarios to evaluate and compare different climate change outcomes for their specific 
region. 
9.3.1 Selection criteria 
The climate research community generally advises users to consider predictions from 
different climate models to assess the uncertainty of their predictions. Therefore, in this 
thesis, model-based weather projections for the future are based on an analysis of 
various computer climate models based on the different SRES scenarios.  
There are 23 different climate models used in the IPCC Fourth Assessment Report in 
total. However, there is currently no accepted framework to decide which are "better" 
than others. Therefore, many, if not most, climate impact studies (i.e. looking at the 
effects of climate change) choose a smaller selection of models rather than using all 
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23. The criteria used to decide which models to use are often quite random, and some 
studies use only one model, (e.g. from their home country). Moreover, in general, 
taking the average of 6-8 models or more gives as accurate results as averaging all 
available models1. 
The other issue is data availability.  The model output is provided for researchers on a 
public database as part of the Program for Climate Model Diagnosis and 
Intercomparison (PCMDI). However, not all of the 23 models have uploaded data for 
parameters required in this analysis, and even for some of those that have uploaded it, 
the files are corrupted and the data could not be extracted. 
For all these reasons, it was decided to extract data from all available models, based 
on the availability of parameters that were found to have a major impact on weather-
related delays in Chapter 7. More precisely, the model predictions of average monthly 
changes for minimum temperature and wind, and daily changes for minimum 
temperature were extracted2. 
Seven climate models were chosen to estimate possible monthly average changes in 
weather parameters in 2050 (Table 9-1). The availability of the predictors proposed in 
the Delay logistic model and Percentage of Delayed Flights model (Chapter 7), was a 
major factor in the climate model selection. Out of 23 available climate models used in 
the Fourth Assessment Report, only these seven models had available data for 
minimum temperature and wind. In addition, these seven models gave the best trade-
off between the smallest grid-box3 (within the UK area, approximately 2ox3o) and 
having enough models to keep the results robust. The climate models used in this 
thesis, from which average monthly predictions were extracted, are presented in Table 
9-1. In addition to monthly data, daily predictions were extracted from 15 climate 
models. Selection is based on availability of minimum temperature data. More 
precisely, predictions were extracted from all the models for which daily minimum 
temperature is available. These models are presented in Table 9-1.  
 
                                                
1 Personal communication with Ms Catherine Reifen, Space and Atmospheric Physics Group, 
Imperial College London. 
2 Data was extracted with the help of Ms Catherine Reifen, Space and Atmospheric Physics 
Group, Imperial College London. 
3 A four-sided geographical area defined by given latitude and longitude boundaries, used for 
the representation of data for an area of Earth's surface or atmosphere (NASA, 2007). 
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Table 9-1. Climate Models used in this thesis for monthly and daily data 
Model Sponsor(s); Model Full Name Country Data Type 
CCSM3 Community Climate System Model, National Center for Atmospheric Research USA Monthly 
UKMO-HadCM3  Hadley Centre for Climate Prediction and Research/UK Met Office UK Monthly 
BCCR-BCM2.0  Bjerknes Centre for Climate Research Norway Daily/Monthly 
CSIRO-MK3.0  
Commonwealth Scientific and Industrial 
Research Organisation (Medium Resoultion 
Model) 
Australia Daily/Monthly 
MIROC3.2  Model for Interdisciplinary Research on Climate Japan Daily/Monthly 
ECHAM5/MPI-
OM  Max Planck Institut for Meteorology Germany Daily/Monthly 
MRI-CGCM2.3.2  Meteorological Research Institute Japan Daily/Monthly 
CCCMA Canadian Centre for Climate Modelling and Analysis Canada Daily 
CCCMA HIRES Canadian Centre for Climate Modelling and Analysis (High Resolution Model) Canada Daily 
CNRM-CM3 Centre National de Recherches Meteorologiques France Daily 
IPSL-CM4 Institut Pierre Simon Laplace France Daily 
GFDL-CM2.1 Geophysical Fluid Dynamics Laboratory (model 1) USA Daily 
GFDL-CM2.0 Geophysical Fluid Dynamics Laboratory (model 0) USA Daily 
GISS ER NASA Goddard Institute for Space Studies (model ER) USA Daily 
GISS AOM NASA Goddard Institute for Space Studies (model AOM) USA Daily 
MIUB PCM Meteorological Institute, University of Bonn Germany/Korea Daily 
NCAR PCM National Centre for Atmospheric Research (model PCM) USA Daily 
9.3.2 Forecast data 
To extract data that would best represent weather at Heathrow airport, a grid box must 
be selected. Areas for which monthly and daily forecasted predictions have been 
extracted are presented in Figure 9-2. The chosen grid-boxes (Figure 9-2) are the 
closest covering the South-East (SE) of England, where Heathrow airport is located. 
The green box in Figure 9-2 represents the grid-box for monthly data, while the white 
box represents grid-box for daily data. The grid boxes are different because the 
position and size of the grid-box depends on the choice of the models. 
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Figure 9-2. Climate Models data - grid box (adapted from Google Earth) 
For the monthly data, the grid-box could not be centred on Heathrow and most of the 
grid-box ended up in France. Therefore, there was a possibility that the SE data 
(green-box) may be influenced by the presence of the English Channel, as water has a 
very different climate response to the land. Additional concern was a fact that 
Heathrow airport is close to the green grid box boundary. For this reason, model 
outputs for the current climate (1961-1990)4, for three adjacent grid-boxes (SW, NW, 
and NE) and the originally chosen one (SE), were compared to the Heathrow observed 
data (1961-1990). Average monthly minimum temperature outputs of all climate 
models were also compared to the Heathrow observed data derived from the 
BETWIXT project (BETWIXT, 2006). Yearly cycles of average minimum temperatures 
from climate models for the four grid boxes are represented by blue, yellow, green, and 
red lines (NE, SW, NW, and SE respectively), while the observed Heathrow minimum 
temperature annual cycle is shown by the bold black line in Figure 9-3. 
The overall differences between adjacent grid boxes are less than a few degrees 
(Figure 9-3). Although, all climate data from models show higher modelled 
temperatures during winter months (January and December), the NE grid box shows 
the largest difference when compared to observed data. In addition, the NW grid box 
while following the overall annual cycle has the largest difference in predictions on an 
annual basis. On the other hand, the SE and the SW grid boxes have overall similar 
                                                
4 This is a standard reference period. It does not  reflect current climate conditions. 
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predictions (Table 9-2) and there are no visible differences in the annual cycle between 
the grid boxes (Figure 9-3). This suggests that the SE grid box data is not largely 
influenced by the presence of the Channel. This further supports the choice of the SE 
grid box data as representative of the Heathrow weather data. 
 
Figure 9-3. Annual cycle of minimum temperature for Current Climate (1961-1990) 
(Climate Models vs Observed Data) 
Table 9-2. Monthly average minimum temperatures (Current Climate 1961-1990) 
 
Observed 
(BETWIXT) Average of Climate Models 
 Heathrow NW NE SW SE 
January 1.42 2.43 4.16 3.65 3.65 
February 1.49 2.24 3.75 3.41 3.30 
March 2.71 3.06 4.22 4.00 4.05 
April 4.74 4.43 5.56 5.48 5.61 
May 7.94 6.87 7.74 7.95 8.20 
Jun 10.98 9.78 10.43 10.89 11.28 
July 13.07 11.63 12.60 12.72 13.40 
August 12.82 11.14 13.06 12.25 13.32 
September 10.76 9.21 11.50 10.43 11.28 
October 8.02 6.79 9.17 8.06 8.71 
November 4.10 4.39 6.69 5.57 6.06 
December 2.32 3.03 5.10 4.21 4.48 
Although it was thought at first that it would be preferable to use data centred on 
Central England, since climate change effects tend to be dependent on latitude, 
examination of the neighbouring grid-boxes showed that there is no real difference in 
their trends. This led to the decision to use a grid-box more centred on England for the 
daily data. Roughly speaking, this means that since in this analysis data will be 
normalised to Heathrow data, it does not really matter where the output is taken from 
as long as it is somewhere in the region. 
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9.3.2 Data pre-processing 
Out of all predictors used in the Heathrow weather delay modelling (Chapter 7), only 
one weather parameter is directly available from the selected climate models. This is 
the forecast for minimum temperature. The wind parameter can be used if transformed 
to usable units. The wind data in climate models and projections are presented as 
zonal (u) and meridional (v) wind vectors. To use this type of wind data as a predictor 
in the delay models, additional transformations are necessary. Vector values for wind 
were converted into wind speed and wind direction using the following Equations 9-1 to 
9-9 (NERC, 2002): 
  
€ 
WindSpeed = u2 + v2           (9-1) 
  
€ 
WindDirection= 270−arctan v
u
 
 
 
 
 
   if u>0 and v<0     (9-2) 
  
€ 
WindDirection= 270 + arctan v
u
 
 
 
 
 
   if u>0 and v<0     (9-3) 
  
€ 
WindDirection= 90 + arctan v
u
 
 
 
 
 
   if u<0 and v>0     (9-4) 
  
€ 
WindDirection= 90−arctan v
u
 
 
 
 
 
    if u<0 and v<0     (9-5) 
  
€ 
WindDirection= 180    if u=0 and v>0     (9-6) 
  
€ 
WindDirection= 0    if u=0 and v<0     (9-7) 
  
€ 
WindDirection= 270     if u>0 and v=0     (9-8) 
  
€ 
WindDirection= 90     if u<0 and v=0     (9-9) 
Subsequent to calculations of wind speed and wind direction, calculations of head/tail 
and crosswind components were performed (as in Chapter 7, Equations 7-1 and 7-2). 
The same wind thresholds as in present weather conditions (i.e. as in Chapter 6) were 
assumed (thresholds set at 5 and 15 knots for head/tail winds and crosswinds 
respectively), allowing the percentage of day when head/tail and crosswind 
components exceed their thresholds to be calculated. Overall, these calculations and 
transformations resulted in four weather delay predictors available for estimating future 
weather delays at Heathrow. 
9.4 Predicted changes in weather parameters 
As mentioned in the previous section, predictions of minimum temperature, wind 
speed, head/tail wind and crosswind in 2050 were either directly or indirectly available 
from the climate models so the average monthly changes could be calculated. As there 
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is substantial uncertainty connected with climate model predictions, and these vary 
from model to model (IPCC, 2007), it was decided to estimate changes in weather 
parameters as an average of all climate model predictions. Furthermore, it was decided 
to examine the predicted changes as differences between the future and the past 
periods from the models. By doing this, it is possible to normalise the model to itself, 
which in turn makes calculation of the predicted changes more accurate. The future 
period was calculated as an average of the period 2041-2070 (using a common 
approach of averaging at least 30 years), while the past period was calculated for 
Current Climate, in other words for the period 1961-1990.  
Table 9-3 shows the monthly mean minimum temperatures and standard deviation for 
all three scenarios and current climate. Table 9-4 presents the calculated monthly 
average forecast changes for minimum temperature and wind parameters for three 
different SRES scenarios.  
Table 9-3. Monthly average minimum temperatures from the models  
(mean and standard deviation) 
(C0) Current A1B A2 B1 
Month Mean SD Mean SD Mean SD Mean SD 
January 3.79 0.36 5.45 0.50 5.55 0.54 5.20 0.69 
February 3.57 0.56 5.28 0.40 5.42 0.52 5.07 0.72 
March 4.16 0.37 5.79 0.39 5.95 0.47 5.49 0.59 
April 5.79 0.34 7.26 0.38 7.60 0.41 7.19 0.59 
May 8.25 0.28 9.98 0.42 10.28 0.50 10.08 0.50 
Jun 11.26 0.41 13.40 0.46 13.76 0.63 13.69 0.41 
July 13.44 0.43 16.51 0.55 16.58 0.54 16.42 0.56 
August 13.42 0.42 16.65 0.56 16.66 0.69 16.13 0.43 
September 11.43 0.42 13.95 0.42 13.88 0.59 13.39 0.39 
October 8.76 0.41 10.83 0.43 10.78 0.51 10.26 0.38 
November 6.23 0.46 8.04 0.44 7.81 0.62 7.43 0.50 
December 4.70 0.50 6.34 0.47 6.37 0.44 5.92 0.53 
 
Table 9-4. Monthly average predicted changes for minimum temperature, head/tail winds and 
crosswinds components 
Minimum Temperature Cross Wind Head/Tail Wind 
(C0) 
A1B A2 B1 A1B A2 B1 A1B A2 B1 
January 1.66 1.76 1.41 0.78 1.08 0.65 0.60 0.01 0.06 
February 1.71 1.85 1.50 1.20 1.39 1.12 0.96 0.76 0.72 
March 1.64 1.79 1.33 0.21 0.49 0.21 0.89 0.57 0.71 
April 1.47 1.82 1.40 0.69 0.32 0.13 1.19 0.97 0.63 
May 1.73 2.02 1.83 0.48 0.09 0.22 1.21 0.76 0.98 
Jun 2.15 2.50 2.43 -0.04 0.17 0.11 0.96 0.47 0.39 
July 3.06 3.14 2.98 -0.61 -0.73 -0.64 -0.57 -0.50 -0.48 
August 3.24 3.25 2.71 -1.02 -0.56 -0.62 -0.52 -0.25 -0.36 
September 2.52 2.45 1.96 -0.13 -0.28 -0.14 0.23 0.13 0.18 
October 2.07 2.03 1.50 0.13 -0.09 0.18 1.31 0.77 0.99 
November 1.81 1.58 1.20 1.48 0.98 1.18 0.99 0.59 0.95 
December 1.64 1.67 1.23 1.05 1.28 1.19 1.09 0.81 0.93 
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Although monthly data from climate models may indicate a general trend for forecast 
changes, it cannot show the largest expected peaks of those changes. For this reason, 
forecast daily data were examined to indicate a range of expected changes (i.e. 
changes of maximum and minimum predictions). The climate models however do not 
provide a continuous time series for daily data, they only provide relevant periods for 
20 or 30 years. Therefore, it was decided to examine data for the current climatology 
(1961-1990) and the period around 2050 (2046-2065). 
Table 9-5 shows the average daily minimum temperatures from the models per month 
and their standard deviation. A simple comparison of this data with the monthly 
averages (Table 9-3) shows greater variation in the expected daily temperatures for all 
the scenarios and for the current climate estimate.  This is as one would expect, given 
the larger variation in daily temperatures.  Since the objective of this analysis is to 
examine the differences between future and current predictions from the models, it is 
necessary to compare these predicted changes as well. In other words, the overall 
lower daily minimum temperatures do not indicate the difference in the magnitude of 
the mean temperature change. 
Therefore, the differences between the future and the past periods from the models 
were calculated, as well as the highest and lowest average minimum temperatures per 
month. These results are presented in Table 9-6. 
Table 9-5. Daily average minimum temperatures from the models  
(mean and standard deviation) 
(C0) Current A1B A2 B1 
Month Mean SD Mean SD Mean SD Mean SD 
January 2.30 1.03 3.92 0.84 3.65 0.95 3.46 0.91 
February 2.52 1.13 4.04 0.88 3.77 0.99 3.53 0.84 
March 3.59 1.16 4.84 0.93 4.74 1.25 4.57 1.09 
April 5.65 1.09 6.93 1.19 7.05 1.40 6.63 1.14 
May 8.32 1.08 9.88 1.32 9.89 1.40 9.56 1.26 
Jun 11.05 0.92 12.85 0.98 13.00 1.01 12.59 0.99 
July 12.47 0.66 14.61 0.63 14.42 0.84 14.31 0.70 
August 11.80 0.79 14.03 0.89 13.65 1.06 13.74 0.91 
September 9.68 0.98 11.66 1.16 11.23 1.27 11.29 1.07 
October 6.94 1.11 8.55 1.23 8.19 1.31 8.36 1.32 
November 4.40 1.04 5.85 1.02 5.48 1.15 5.70 0.95 
December 2.94 0.96 4.37 0.96 4.18 1.06 4.36 0.89 
Table 9-6 shows calculated changes for mean, minimum and maximum forecasted 
daily minimum temperatures. For example, the forecasted change in August (scenario 
A1B) of 1.90 Celsius represents the difference between the future and the past 
average warmest daily predicted minimum temperature in August from the models.  
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Table 9-6. Forecasted changes of minimum temperature from daily data 
 A1B A2 B1 
(-C0) Monthly Mean 
Coldest 
Day 
Average 
Warmest 
Day 
Average 
Monthly 
Mean 
Coldest 
Day 
Average 
Warmest 
Day 
Average 
Monthly 
Mean 
Coldest 
Day 
Average 
Warmest 
Day 
Average 
January 1.62 1.61 0.91 1.35 0.81 0.81 1.16 1.51 0.75 
February 1.52 2.50 1.82 1.25 1.93 1.59 1.01 2.46 0.91 
March 1.25 1.73 0.66 1.15 1.71 2.25 0.98 1.17 0.99 
April 1.28 1.68 1.06 1.40 0.88 1.58 0.98 1.17 1.68 
May 1.56 1.38 1.82 1.57 1.62 2.16 1.24 1.55 1.83 
Jun 1.80 1.90 1.67 1.95 1.00 2.20 1.54 1.63 1.64 
July 2.14 2.18 1.82 1.95 1.66 2.22 1.84 2.12 2.07 
August 2.23 1.56 1.90 1.85 0.90 2.17 1.94 1.55 2.38 
September 1.98 1.31 2.38 1.55 1.26 1.81 1.61 1.48 1.56 
October 1.61 1.20 1.40 1.25 0.86 1.48 1.42 0.89 1.16 
November 1.45 1.87 2.16 1.08 0.99 2.13 1.30 1.67 1.35 
December 1.43 2.25 1.09 1.24 0.58 1.34 1.42 2.21 1.18 
Overall, examination of the daily data for minimum temperature did not reveal any 
significant extremes that would influence the analysis using forecasted monthly 
changes in weather parameters. For this reason it was decided to continue the analysis 
concentrating only on monthly climate data and its calculated changes. Furthermore, 
the examination of daily forecast data, further validated the choice of the SE grid box 
as being representative of Heathrow weather, since the overall trend of the monthly 
and daily forecast changes give a good match (Tables 9-4 and 9-6). 
9.5 Impact of climate change on air traffic delays 
This section assesses the implications of climate change (expressed through changes 
in weather parameters) by evaluating its impact on the frequency of weather-related 
delays at Heathrow in 2050. The calculation of marginal effects and discrete changes 
of specific weather parameters (Table 7-7) has already provided insight into the 
parameters that have the largest impact on the probability of delay occurrence. The 
Delay Model in Chapter 7, found that fog, snow, thunderstorms, wind speed and 
visibility are the most important weather parameters that influence the occurrence of 
delay. However, using forecasted changes from climate models, additional analysis 
was performed to estimate the anticipated level of change. 
Unfortunately, as mentioned before, the climate models provided forecasted 
predictions of only four weather delay predictors corresponding to the models in 
Chapter 7. Predictions for minimum temperature, changes in wind speed, and hence 
head/tail wind and crosswind fractions, could be calculated. Changes for the other six 
Chapter 9                                                                      Potential effect of climate change in 2050 
 163 
weather parameters were not available and therefore forecasts for their input could not 
be calculated. 
9.5.1 Minimum temperature 
The Heathrow weather Delay Model, developed in Chapter 6, suggests that changes in 
minimum temperature have a minimal effect on the occurrence of weather-related 
delay at Heathrow (Tables 7-5 and 7-7). With a marginal effect of -0.0286 and 
forecasted change in a range of 0.75-3.20 degrees (Figure 9-4) it is evident that the 
overall impact of expected changes in minimum temperature, in 2050, have a small 
effect on the occurrence of delay. The increase of one degree in minimum temperature 
decreases the chance of weather-related delay by approximately three percent. 
Overall, forecast changes of minimum temperature in 2050 show an increase on an 
annual basis (Figure 9-4). Therefore, it can be concluded that the occurrence of 
weather-related delays due to minimum temperatures will be lower in 2050.  
 
Figure 9-4. Minimum temperature average monthly change by climate scenario 
9.5.2 Wind speed 
On the other hand, changes in wind speed, as suggested by the Delay Model, have a 
much larger effect on the occurrence of weather-related delays. Table 7-7 in Chapter 7, 
shows that increases in wind speed by one knot, increases the chance of experiencing 
delay by almost eight percent. Forecast changes for three SRES scenarios are 
presented in Table 9-7. This table shows that the largest increase in the probability of 
delay is during the winter months when this increase in probability is 8-14 percent. On 
the other hand, as with the minimum temperature changes, the probability of wind 
speed-related delays decreases during the summer months (July and August).  
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Table 9-7. Forecasted Change for Wind Speed per Month per SRES Scenario (knots) 
 Forecasted Change (knots) 
  A1B A2 B1 
January 0.98 0.92 0.58 
February 1.53 1.58 1.33 
March 0.72 0.73 0.60 
April 1.36 0.97 0.58 
May 1.26 0.76 0.99 
Jun 0.94 0.50 0.40 
July -0.64 -0.58 -0.56 
August -0.74 -0.39 -0.51 
September 0.14 -0.01 0.09 
October 1.01 0.47 0.81 
November 1.77 1.13 1.51 
December 1.49 1.52 1.50 
It should be noted, however, that the wind modelling capabilities of climate models are 
questionable. Figure 8-5 shows modelled (Current Climate and three SRES scenarios) 
and observed annual monthly means for wind speed (black line). More precisely, the 
figure shows the annual cycle of mean wind speed from the SE grid box output from 
the models and the actual observed Heathrow data. It can be seen that the models 
have a weak ability to model wind speed, especially during the spring and summer 
season. On the other hand, differences shown here are mainly related to the grid box 
resolution, since the average grid box value is not expected to match single site 
surface wind measurements (e.g. due to local topography). However, although this 
limitation of the modelled data is evident, forecasted changes have been calculated as 
the difference between the future and past from the models. Therefore, the predicted 
changes in wind speed can be assumed to portray the annual trend of wind speed 
changes in 2050. 
 
Figure 9-5. Wind speed monthly mean (Climate Models vs Observed Data) 
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9.5.3 Head/tail and crosswinds 
In addition to the minimum temperature and wind speed changes, it is possible to 
calculate forecasted changes of head/tail wind and crosswind components. More 
precisely, to calculate changes inthe predictors that measure the fraction of the day 
when head/tail wind and cross wind components exceed the airport thresholds. Figure 
9-6 and 9-7 show predicted changes of these measurements per month for each 
climate scenario.  
The head/tail unit changes (Figure 9-6) indicate an overall increase throughout the 
year, except during the summer months (July and August) when this is less. However, 
these changes do not have a large impact on the weather delay since the marginal 
effect for the head/tail wind measure (Table 7-7) shows that a one unit increase 
decreases the chance of a delay by less then one percent (0.18 percent). Even the 
largest change of almost 15 percent, that is anticipated during October, will have a 
limited effect on the probability of delay. It will decrease the probability of delay by less 
then two percent. 
 
Figure 9-6. Head/tail wind measurement forecasted change in 2050 
Forecast changes in crosswinds are even smaller, with the largest increase of a few 
units only during the winter months (Figure 9-7). The marginal effect of changes in the 
crosswinds is small (0.004). The largest change in crosswinds will not increase the 
chance of delay by even one percent.  
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Figure 9-7. Crosswind measurement forecasted change in 2050 
Overall, due to their small marginal effects and the small level of predicted changes by 
2050, it can be concluded that the impact of head/tail wind and crosswind changes will 
be small. More precisely, their changes do not represent a major factor that can 
influence changes in the frequency of delays at Heathrow airport in the future. 
9.5.4 Delays in 2050 
Summarising the effects of forecasted changes for all four weather delay predictors it is 
possible to calculate the change in probability of a weather-related delay at Heathrow 
airport in 2050. More precisely, the marginal effects calculated in Chapter 7 were used 
to calculate the probability change based on forecasted changes of each weather delay 
predictor. The percent change of probability is calculated for three SRES scenarios 
separately and it is presented in Figure 9-8. The annual cycle of changes in delay 
occurrence is very similar for all scenarios. The largest positive changes, or increase in 
probability of experiencing delay due to weather conditions, is during the winter 
months, December and February, and the autumn in November. These changes 
increase the probability of delays by more than 7 percent. During July and August the 
predicted decrease in delay probability is almost 15 percent. 
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Figure 9-8. Change in probability of weather-related delay at Heathrow in 2050 by Month (%) 
Using observed weather-related delay data for Heathrow airport in the period 2002-
2006 it is possible to calculate the average monthly probability of weather delay at 
present (Table 9-6). In addition, in conjunction with the calculated changes in weather 
delay probability in 2050 (Figure 9-8), it is possible to obtain the expected probabilities 
for weather-related delay on a monthly basis in the future (Figure 9-9 and Table 9-6). 
Figure 9-9 supports previous findings that there is only a small increase in the 
probability of delays during the winter months, while the summer months may 
experience less weather-related delay. Overall, all three scenarios show similar results 
for the change in probability. 
Table 9-8. Probability of weather-related delay at Heathrow - average per month  
(Today vs Future 2050) 
 Probability of Weather Delay at Heathrow 
 Today 2050 (A1B) 2050 (A2) 2050 (B1) 
January 90.97 93.00 93.58 91.65 
February 90.07 96.42 96.54 95.34 
March 69.68 69.27 69.36 69.26 
April 59.33 64.00 60.75 58.87 
May 47.33 50.55 46.39 48.63 
Jun 43.33 43.12 39.39 39.01 
July 42.74 30.04 30.18 30.79 
August 48.39 34.19 36.61 37.20 
September 39.17 32.81 31.81 34.03 
October 69.35 68.88 65.69 69.98 
November 71.67 79.35 74.95 78.94 
December 78.23 83.45 84.22 85.25 
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Figure 9-9. Weather delay probability (Present vs Future) 
9.6 Estimated costs 
Table 9-8 shows the increase in the probability of delay in the future, however no 
information about the number of affected or delayed aircraft or magnitude of delays is 
available. This change in probability is used to estimate the likely economic costs 
associated with these scenarios.  
The average number of days with delay (NDD) was calculated using equation 9-10, 
where ND represents the number of standard calendar days in a month and P is the 
probability of weather delay at Heathrow from Table 9-8. 
  
€ 
NDD = ND×P           (9-10) 
Table 9-9 shows the calculated average number of days with delay per month for both 
the present and future. For example, during more than 28 days in January flights have 
a chance of experiencing a weather-related delay at Heathrow, while in June this 
probability decreases to 13 days per month, on average. However, the number of days 
when weather delay may occur still does not give any indication about the severity of 
delay.  
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Table 9-9. Average number of days with delays per month 
  
Average Number of Days with 
Delays per Month 
Month No Days in Month Current 
2050 
(A1B) 
2050 
(A2) 
2050 
(B1) 
January 31 28.20 28.83 29.01 28.41 
February 28 25.22 27.00 27.03 26.69 
March 31 21.60 21.47 21.50 21.47 
April 30 17.80 19.20 18.22 17.66 
May 31 14.67 15.67 14.38 15.07 
Jun 30 13.00 12.93 11.82 11.70 
July 31 13.25 9.31 9.36 9.55 
August 31 15.00 10.60 11.35 11.53 
September 30 11.75 9.84 9.54 10.21 
October 31 21.50 21.35 20.36 21.70 
November 30 21.50 23.81 22.48 23.68 
December 31 24.25 25.87 26.11 26.43 
The Eurocontrol’s Central Office for Delay Analysis (CODA) data (used in Chapter 6) 
was used to calculate the average delay per day. Using the number of delay minutes 
per day, directly available from the CODA dataset, the current average delay per 
month was calculated and is shown in Table 9-10. In addition, based on the average 
cost of delay in Europe of 78 euros per minute5, the average costs per month were 
calculated. Average costs per day were calculated by dividing average monthly costs 
by the standard number of calendar days in a month. 
Table 9-10. Average costs of weather delay per day and per month (Current) 
Month Average Delay per Month (minutes) 
Average Cost per Month 
(€) 
Average Cost per Day 
(€) 
January 1472 114,794.16 4,087.06 
February 874 68,154.84 2,702.43 
March 582 45,391.32 2,101.45 
April 397 30,950.40 1,738.79 
May 188 14,651.52 998.62 
Jun 316 24,620.70 1,893.90 
July 266 20,744.10 1,565.59 
August 512 39,970.32 2,664.69 
September 281 21,906.30 1,873.15 
October 667 52,008.06 2,418.98 
November 866 67,519.92 3,150.93 
December 1411 110,030.70 4,547.64 
Due to the inability to predict the daily or monthly share of ground or airborne delays, it 
was decided to use this specific value (€78 per minute) as a typical average value. 
However, this value represents a tactical ground cost, including the network effect (i.e. 
                                                
5Typical average value for cost of minute of delay, from the Westminster report (€72), revised to 
late 2006 price levels (Eurocontrol, 2007a). 
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reactionary costs) and includes the opportunity cost to an airline of lost passengers 
(Eurocontrol, 2004b). 
After estimation of average costs per day, it was possible to estimate costs of weather-
related delays by month and for the whole year. Knowing the average number of days 
when delays occur in a month (Table 9-9) it was possible to estimate average monthly 
costs of weather-related delay. Table 9-11 shows estimated weather-related delay 
costs by month and for the whole year in the present and in the future. 
Table 9-11. Average weather delay costs per month in 2050 and percent change from current 
 
Average Costs per Month  
(€) 
Change from Current 
(%) 
Month Current 2050 (A1B) 2050 (A2) 2050 (B1)  A1B A2 B1 
January 114,794.16 117,363.37 118,101.04 115,663.25 2.24 2.88 0.76 
February 68,154.84 72,958.89 73,046.11 72,138.59 7.05 7.18 5.85 
March 45,391.32 45,128.01 45,182.46 45,122.39 -0.58 -0.46 -0.59 
April 30,950.40 33,386.39 31,687.00 30,707.03 7.87 2.38 -0.79 
May 14,651.52 15,650.29 14,361.59 15,053.53 6.82 -1.98 2.74 
Jun 24,620.70 24,497.00 22,381.13 22,165.92 -0.50 -9.10 -9.97 
July 20,744.10 14,578.38 14,648.07 14,944.38 -29.72 -29.39 -27.96 
August 39,970.32 28,243.91 30,242.89 30,728.33 -29.34 -24.34 -23.12 
September 21,906.30 18,333.29 17,773.71 19,021.92 -16.31 -18.86 -13.17 
October 52,008.06 51,650.39 49,260.72 52,480.20 -0.69 -5.28 0.91 
November 67,519.92 74,787.53 70,622.56 74,394.70 10.76 4.60 10.18 
December 110,030.70 117,400.63 118,475.42 119,931.26 6.70 7.67 9.00 
Total Costs 610,742.34 613,978.09 605,782.72 612,351.50    
Table 9-11 shows similar trends in cost changes per month, with somewhat lower 
changes for the Low case scenario (B1) for the first half of the year. Besides the spring 
months, Medium case (A1B) and a High case (A2) trends of costs changes are almost 
the same. Percent changes of monthly and yearly costs in 2050 due to expected 
weather-related delays are presented in Table 8-12. 
Table 8-12. Percent changes in monthly and yearly costs of weather-related delays in 2050 
Month A1B A2 B1 
January 2.24 2.88 0.76 
February 7.05 7.18 5.85 
March -0.58 -0.46 -0.59 
April 7.87 2.38 -0.79 
May 6.82 -1.98 2.74 
Jun -0.50 -9.10 -9.97 
July -29.72 -29.39 -27.96 
August -29.34 -24.34 -23.12 
September -16.31 -18.86 -13.17 
October -0.69 -5.28 0.91 
November 10.76 4.60 10.18 
December 6.70 7.67 9.00 
Total Costs 0.53 -0.81 0.26 
Chapter 9                                                                      Potential effect of climate change in 2050 
 171 
Similarly to the changes in delay occurrence probability in Table 9-8, Table 9-12 shows 
overall decrease of costs during the summer months and the first-half of the autumn, 
while the cost increase is largest during winter months and November. The net impact, 
however, is small whether on the positive or negative side. 
9.7 Other weather parameters in the future 
Only four weather parameters were available directly or indirectly from the climate 
models. In order to obtain a better picture of the overall effect of changing climate on 
weather delays, an analysis of additional weather parameters used in delay modelling 
(Chapter 7) was performed. 
The London Climate Change Partnership (2002) in their study, London’s Warming, 
gives an overview of future climate for the London area. They have extracted from the 
UK climate change scenarios (UKCIP02), from the model grid points closest to Greater 
London or the South-East UK, forecasted data for several different parameters. Table 
9-13 shows the changes in weather parameters extracted from London Climate 
Change Partnership (2002) relevant for this assessment. All changes are for modelled 
grid points close to London and with respect to the mean 1961-1990 climate. Table 8-
10 shows changes for temperature, precipitation (rain and snow together), cloud cover, 
and average wind speed, for the UKCIP02 Low and High Emissions scenarios. 
However, as mentioned within their study, the scenarios presented in Table 9-13 
should be treated only as indicative because the regional climate model treats London 
as a vegetated surface and generally the use of model results from individual grid 
points is discouraged by the climate modelling community (London Climate Change 
Partnership, 2002). 
Table 9-13. Climate changes for Greater London under the UKCIP02 Low and High 
Emissions scenario (adapted from London Climate Change Partnership, 
2002) 
 Low - 2050 High - 2050 
 Summer Winter Annual Summer Winter Annual 
Temperature (C) 2 - 2.5 1 - 1.5 1.5 - 2 3 - 3.5 1.5 - 2 >4.5 
Precipitation (%) (-30) - (-20) 10 - 15 (-10) - 0 (-40) - (-30) 15 - 20 (-10) - 0 
Cloud Cover (%) (-6) - (-5) NV (-4) - (-3) (-10) - (-8) NV (-6) - (-4) 
Wind Speed (%) 0 - 1 2 - 3 0 - 1 0 - 2 3 - 5 0 - 2 
Note: NV - Indicates changes within the bounds of “natural variability”. 
Table 9-13 shows forecasted increases in mean temperature, which adequately relates 
to forecasted changes in minimum temperature from climate models used within this 
chapter. On the other hand, calculated changes in wind speed in this chapter are much 
larger (up to 5 times) than changes estimated from the regional climate model (used for 
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the UKCIP02 scenarios). However, this can be the result of differences in model 
resolution and due to the fact that the average grid box values are not expected to 
match single site surface wind measurements. Overall, wind speeds are highly 
problematic to estimate from climate models. There is much uncertainty about future 
changes in wind speed and direction and there is little confidence about the regional 
changes in average or extreme wind speeds (Hassell et al., 2002). Having this in mind, 
the only thing that can be accepted from the UKCIP02 scenarios is the suggestion that 
“more frequent depressions across the UK in winter will lead to stronger winds in 
southern England” (London Climate Change Partnership, 2002). 
An additional factor in the delay models in Chapter 7 was visibility. In Chapter 7, it was 
found that the probability of a weather-related delay at Heathrow is highly dependent 
on the visibility conditions (i.e. cloud cover, heavy showers, etc.). The marginal effect of 
this weather parameter (Table 7-7) suggests an increase in the probability of delay of 
approximately 6 percent for a one unit decrease in visibility. However, there are not 
many forecasted predictions available for this parameter. Table 8-12 suggests that a 
decrease in cloud coverage in 2050 will occur in the summer, while changes in the 
winter are within natural variability. Overall, it can be expected that a possible decrease 
in cloud coverage, and hence increase in visibility, will decrease the probability of 
weather delays in the future. In addition, UKCIP02 scenarios suggest that there will be 
fewer days of fog in the winter in the South-East UK (Hassell et al., 2002) suggesting 
that this weather parameter will not adversely affect delays in the future.  
Overall, as discussed in Chapter 3 as well, the results presented in the UKCIP02 
Scientific Report suggest that the UK climate will become warmer by 1 to 2 degrees 
Celsius by 2050, with parts of the South-East warming by as much as 5 degrees in 
summer. In addition, the most recent estimate of what can be expected in London’s 
area in 2050, states that by the 2050s, London is expected to experience an increase 
in winter temperatures of 1-2 degrees and an increase in summer temperatures of 2- 
3.5 degrees (Mayor of London, 2005). All this corresponds with the analysis of 
forecasted minimum temperature within this chapter as well (Table 9-5). In addition, the 
UKCIP02 report (Hassell et al., 2002) states that the higher summer temperatures will 
become more frequent and very cold winters will become increasingly rare. Winters will 
become wetter and summers may become drier everywhere. Mayor of London (2005) 
states that analysis of daily climate change data for Heathrow suggests that the 
number of days with a maximum temperature of at least 25 degrees Celsius is likely to 
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increase by 3-5 times by the 2050s. It also states that days with temperatures 
exceeding 30 degrees will also become more common.  
Furthermore, a decrease in snowfall totals is expected throughout the UK although with 
more frequent incident of heavy winter precipitation (Hassell et al., 2002). An increase 
in winter precipitation by up to 20 percent and a decrease in summer precipitation by 
20 to 40 percent is again stated within Mayor of London (2005). Same report says also 
that intense rainfall events (summer and winter) are likely to become more common 
and more severe. In regards to this analysis, this means that the forecasted increase in 
the probability of weather delay in the winter period (Table 9-8 and Figure 9-9) may be 
even larger due to more frequent heavy precipitation. Although the effect of rain 
increases on the probability of delay occurrence is small (around two percent), the 
probability of weather delay is highly affected by the occurrence of snow (marginal 
effect indicates an increased probability of approximately 26 percent) (Table 7-7). 
In general, the additional investigation of weather parameters affecting the occurrence 
of air transport delays at Heathrow leads to several conclusions. It gives additional 
confidence in the quantitative assessment of expected changes of specific parameters 
(such as minimum temperature), while suggesting very limited information concerning 
other parameters important for weather delay assessment in the future (i.e. visibility, or 
occurrence of fog or snow). Nevertheless, in order to examine the possible impact of 
changes in rain trends on delays in the future, a simple analysis was performed. 
9.7.1 Rain 
Predictions of the amount of rain for the future are not directly available from the 
climate models. Therefore, inclusion of its effects on delay probability could not be 
included into the weather-related delay prediction. However, a very simple analysis 
was done in order to estimate possible effects of rainfall changes. 
It was assumed that changes in rainfall correspond to the forecasted changes in 
precipitation taken from the London Climate Change Partnership study (2002). In other 
words, the precipitation amount, (snow and rain together) is assumed to correspond to 
the changes in just rainfall. In addition, due to the availability of predicted changes in 
2050 (Table 9-13), calculations were done for only the summer and winter months. 
Table 9-14 gives estimates of changes for the Low and High emissions scenarios, 
which correspond to the IPCC B1 and A2 scenarios respectively. Therefore, the 
probability of delay was calculated for these two scenarios and for the minimum and 
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maximum change in rainfall. Table 9-14 shows the calculated values of delay 
probability changes (today vs future) for the summer and winter months in 2050. 
Table 9-14. Change in probability of weather–related delay (with added rain) 
 Change in probability of weather–related delay 
 
Without Rain 
Change 
With Rain 
Minimum Change 
With Rain 
Maximum Change Average 
A2     
January 2.61 3.02 3.15 3.08 
February 6.46 6.85 6.97 6.91 
Jun -3.94 -4.57 -4.89 -4.73 
July -12.56 -13.07 -13.32 -13.20 
August -11.78 -12.54 -12.92 -12.73 
December 5.99 6.54 6.72 6.63 
B1     
January 0.69 0.96 2.04 1.50 
February 5.26 5.52 6.54 6.03 
Jun -4.32 -5.27 -5.58 -5.42 
July -11.95 -12.71 -12.97 -12.84 
August -11.19 -12.33 -12.72 -12.53 
December 7.02 7.39 8.86 8.12 
For both scenarios Table 9-14 shows an increase in weather delays during the winter 
months, while indicating an overall decrease for the summer. The largest decrease is 
expected during December (on average 8 percent), while the largest decrease is 
expected in July (13 percent on average). 
9.8 Traffic increase 
The calculated changes in the frequency of delays in the future did not take into 
account any increase in traffic volume. Estimations are based solely on forecast 
changes of the four weather parameters. Furthermore, based on the results from 
Chapter 7 (Table 7-5 and 7-7) it is evident that changes in air transport movements at 
Heathrow airport do not have a large impact on the occurrence of weather delay 
(marginal effect is 0.0022). For example, a hypothetical increase of daily traffic by 100 
flights (approximately 8 percent per day) will only increase the probability of weather-
related delay by about 0.05 percent. However, this estimate does not take into account 
future possible runway capacity constraints. 
On the other hand, in the recent Heathrow expansion plans, as an interim measure, the 
government supports the idea of the existing two runways being used for both take-offs 
and landings, known as "mixed mode", which could allow 60,000 more flights a year 
and could be done by 2015. By 2030, the new sixth terminal and 3rd runway are 
proposed as well and these changes could allow the airport to handle about 700,000 
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take-offs and landings a year. This would be about 50 percent more than at present 
(BBC, 2007).  
Nevertheless, it is not possible to estimate future Heathrow airport runway capacity 
problems or any other operational issues that may indirectly affect increases in 
weather-related delays. Therefore, only a simple estimation of expected changes in the 
probability of weather-related delays can be calculated. Taking into account the newest 
Heathrow expansion plans that the number of air transport movements may increase 
by 50 percent the expected increase in the probability of weather-related delay is still 
only 1.42 percent. 
9.9 Summary of findings 
This chapter has evaluated the impact of climate change on air traffic operations, more 
precisely on air traffic delays. This chapter assessed the impact of climate change, for 
a very limited range of weather parameters because of the lack of available data on all 
parameters. Forecast changes of only four weather delay predictors (used for delay 
modelling in this thesis) have been used to estimate the level of expected weather-
related delays at Heathrow airport in 2050. Due to the overall uncertainty concerning 
the future, and in order to give the most robust results, three different scenarios (i.e. 
three different images of the future) were used to estimate these changes.  
Out of 10 weather parameters used for weather delay modelling in Chapter 7, only four 
predictors (i.e. minimum temperature, wind speed, head/tail wind and cross wind 
measurement) were available from the forecasts. Information on other parameters (i.e. 
fog, snow, or visibility) that are important is very limited and uncertain. Therefore, more 
detailed analysis of the impact of changing climate on the frequency of all weather-
related delays at Heathrow could not be performed. 
Although the forecast changes in the minimum temperature in 2050 show an increase 
in frequency of delays in the future the impact is small due to the small marginal effect 
of this weather predictor. On the other hand, changes in wind speed have a much 
larger effect on the occurrence of weather-related delays. The largest increase in 
probability of delay, due to forecasted changes in wind speed, is during the winter 
months (8-14 percent). However, future changes of both predictors suggest that the 
probability of weather-related delays may decrease during summer months. The 
impact of the predicted changes in two other weather predictors (head/tail wind and 
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cross wind threshold exceedances) is small, mainly due to the estimated level of 
impact using the Delay Model (Chapter 7). 
The net effect of forecast changes of all four weather delay predictors indicate that the 
highest positive changes, or increase in probability of experiencing delay due to 
weather conditions in 2050, are during the winter months (up to 7 percent). However, 
during the summer months, the frequency of delays is expected to decrease by almost 
15 percent. In addition, three images of the future (i.e. SRES scenarios) have shown 
similar forecasted changes in probability, indicating that differences between these 
scenarios (i.e. differences in assumptions of the future) have a limited impact on the 
frequency of weather-related delays at Heathrow airport in the future. 
Similarly, estimated weather-related delay costs by month and for the whole year in the 
in the future show an overall decrease in costs during the summer months and the first-
half of the autumn (up to almost 30 percent), while the cost increase is largest during 
winter months and November (Table 9-12). The net annual impacts are small. 
A more detailed analysis of the impact of changing climate on the frequency of 
weather-related delays at Heathrow could not be performed due to lack of forecast 
data for other predictors. However, a very simple analysis was performed in order to 
examine the possible impact of changes in the quantity of rain on delays in the future. 
The analysis has shown that predicted increases in rainfall during the winter months 
and predicted decreases during the summer may change the probability of weather-
related delays by up to 8 and 13 percent respectively. However, these magnitudes of 
change may be smaller due to the analysis assumption that all precipitation changes in 
the future correspond to changes in rainfall. 
Although the traffic increase is not directly included in weather-related delay forecasts 
due to the small marginal effect of air transport movements in the Delay Model, it is 
estimated that changes in traffic at Heathrow airport will not have a large impact on the 
occurrence of weather delay. However, this estimate does not take into account future 
possible runway capacity constraints or any other operational issues which may alter 
the delay occurrence probability. 
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10 Conclusions 
This chapter presents the main findings of the research on the implications of climate 
change on the UK air transport sector and suggests avenues for future work. The 
approach taken for the former is to address each of the research objectives formulated 
in Chapter 1 (repeated below for ease of reference) and to present the corresponding 
findings. The chapter concludes with the identification of research questions and ideas 
to be explored in future research. 
10.1 Revisiting the research objectives 
Chapter 1 defined a set of three research objectives for this thesis. The purpose of 
these has been to answer the following questions: 
• What impact will changes in the future wind field have on CO2 emissions by 
aircraft? 
• What impact will changes in severe weather patterns have on the operation of 
UK airports? 
• What impact will changes in weather patterns have on air traffic delays? 
10.2 Conclusions 
10.2.1 Literature review 
The review of relevant literature aimed to highlight the importance of analysing the 
implications of changing weather patterns on the UK air transport sector. The impact of 
current weather on air transport system performance as well as future climate 
scenarios and possible implications were investigated. With respect to the literature 
review, the following conclusions are relevant: 
• The air transport sector is very sensitive to weather and weather changes. 
Adverse weather has a major impact on safety, efficiency and punctuality of air 
transport operations. The projected increase in air travel will intensify this 
impact. 
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• The weather impact is strongest during takeoff and landing. 
• There has been no published research on the subject of impact of weather on 
performance of the UK air transport system. 
• An assessment of the current impacts of weather conditions was made in order 
to properly address the impacts of changing weather in the future. This is 
addressed in Chapter 6.  
• The UK climate is changing. Heavy winter precipitation (rain and snow) is 
expected to become more frequent. Furthermore, storminess may increase 
during the winter. Overall, what this means in terms of possible climate change 
impacts on transport in practice, is that the weather phenomena, which cause 
these impacts, will happen more often, and the extremes will become more 
intense. 
• There are no existing studies on possible climate change impacts on air 
transport in the UK beyond very limited and brief qualitative assessments. 
• The way in which future weather patterns may impact UK air transport will have 
an important role in determining approaches to adaptation as well as future 
policy solutions for mitigation. 
10.2.2 Estimates of UK CO2 emissions from air transport – Base Case 
scenario 
In order to address the research questions defined in Chapter 1, it was necessary to 
produce a reference UK Base Case emission scenario. In other words, the aim was to 
estimate current CO2 emissions from the aviation sector in the UK. A methodology to 
allocate emissions to specific sources using detailed air traffic data was developed. 
Most important, by comparison with other estimates this chapter provided a validation 
of the simulation methods used in the dissertation. The following conclusions are 
relevant: 
• The analysis has shown that by using real traffic profiles and applying different 
fuel burn rates to the different modes of flight, it is possible to calculate a CO2 
emissions inventory comparable to other estimates.  
• The base case scenario can be used to test the impact on emissions of a range 
of system changes, including traffic growth, changes in fleet mix, changes in 
routing, and system disruptions.  
• The method allowed disaggregation of domestic and international flights and 
their emissions that can disaggregate the emissions into aircraft groups and 
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route profiles, offering an important tool for analysis of various policy effects. 
The other national estimates cannot provide this. 
• The method provided a useful approach for assessment of the flights and 
aircraft accounting for the bulk of emissions.  
The conclusions listed above, which resulted from the analysis of the UK CO2 
emissions from air transport, have the potential to impact policy formulation and the 
operational aspects of future UK air transport growth. The analysis has highlighted that 
understanding of the total contribution of air transport, not just domestic flights can 
ensure that policy priorities can be fairly assessed. Even if national targets for CO2 
emission reduction are met, a very small proportion of international departures can 
consume a large amount of the national allowances. This has implications for how the 
associated CO2 emissions of international air transport can be brought within national 
targets for emissions reduction. Calculation of baseline estimates of air transport 
emissions for carbon trading schemes is another key policy need to which these 
methods can contribute. 
10.2.3 Wind impact at altitude 
The relationship between aircraft fuel consumption, hence CO2 emissions, and different 
wind fields was analysed. The analysis of the impact of wind speed and direction 
changes impact on fuel burn by aircraft, above 3000ft, was performed on a one-day UK 
air traffic sample. With respect to this analysis, the following conclusions are relevant: 
• The net effects of impact of wind field changes on fuel consumption in UK 
airspace are small, however the impact for individual flights can be larger.  
• Light and small aircraft are most vulnerable to wind changes, however there is 
no visible relationship between the fuel burn changes and flight routes.  
• Possible future changes in wind speed in the future will not impact the overall 
fuel burn (and hence CO2 emissions) within the UK.  
• The flight segments outside the UK might be more affected (particularly by jet 
stream changes). 
Overall, analysis of fuel consumption changes to the inclusion of different wind profiles 
indicated that UK air traffic (above 3000ft) most likely would not be affected by changes 
in wind fields. Therefore, the UK air traffic impact on climate change (in terms of 
additional CO2 emitted) from wind field changes will not change as well. 
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10.2.4 Analysis of weather-related delays  
In order to investigate the impact of future weather conditions due to changing climate, 
it is important to understand the current impact of weather on air traffic operations. The 
most common effect of adverse weather conditions on air traffic operations is air traffic 
delays. Therefore, in order to gain a better understanding of the connection between air 
traffic delays and weather, an analysis of UK weather delays was conducted. This 
analysis indicated that Heathrow airport is the most appropriate for an in-depth 
weather-related delay analysis. Overall, the most important findings were: 
• There is a measurable connection between air traffic delays and weather 
conditions at Heathrow airport.  
• More than 90 percent of total delay minutes are due to weather at the airport, 
rather than en-route weather conditions, indicating that the weather impact is 
strongest during take-off and landing.  
• The analysis revealed that the most reported and most damaging IATA weather 
related delay is ATFM due to Weather at Destination. Approximately 60 percent 
of total delay minutes refer to this category and directly suggests that airport 
operations were reduced due to weather conditions at the destination airport. 
• Strong winds are identified as the most frequent cause of weather restrictions at 
Heathrow.  
Although the statistical analysis highlighted some important weather parameters that 
affect Heathrow delays, it could not identify all off them, or their level of impact. 
Nevertheless, the findings from this analysis informed the statistical modelling of 
Heathrow weather-related delay in Chapter 7. 
10.2.5 Heathrow weather delay analysis 
Due to the limited information available, the analysis in Chapter 6 could not analyse all 
possible weather parameters causing air traffic delays at Heathrow or their level of 
impact. Therefore, additional statistical analysis was necessary and it was conducted in 
Chapter 7. In order to enable estimation of the impact of future changes in weather 
patterns on air traffic delays, two different models of weather-related delay was 
developed. The most important findings from this chapter are as follows: 
• Using statistical analysis, the hypothesis that weather parameters do not have 
an impact on air traffic delays has been rejected. Overall hypothesis testing for 
both models (i.e. Delay Model and Percent of Delayed Flights (PDF) Model) 
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shows that weather conditions do have an impact on air traffic delays at 
Heathrow airport.  
• Both models have highlighted predictors or weather parameters whose 
influence on airport delay is statistically significant.  
• The Delay Model highlighted that the existence of thunderstorms, snow, and fog 
increases the chance of weather delay occurrence by more than 25 percent. 
This suggests that these three conditions present a threat to Heathrow’s 
weather-related delay situation in the future. Furthermore, the model suggested 
that a one unit change in the wind speed and visibility around the airport 
increases weather-related delay by approximately 8 and 6 percent respectively. 
• Nine significant weather-delay predictors were identified. The model indicated 
good classification power (approximately 84 percent daily weather delays were 
correctly classified) and the potential to predict the percent of flights delayed 
due to expected weather conditions.  
• The PDF model highlighted thunderstorms, wind speed and visibility as the 
most influential factors affecting the level of impact of weather delay at 
Heathrow. 
• Based on the predictive power of the models, these statistical models may be 
used to forecast the probability of weather delay events and the percent of 
flights that are going to be delayed in the future. 
The relevance of weather conditions on air traffic delays has been confirmed by the 
statistical analysis performed in this chapter. In general, weather conditions are found 
to be a major factor in daily delays at Heathrow airport. In addition, it was shown that 
the impact of these weather conditions can be statistically described. To summarise, 
both models have shown fairly good modelling power and the ability to predict the 
weather-related delay situation at Heathrow airport. In addition, both models have 
managed to highlight the most influential weather-related delay predictors for Heathrow 
airport and to statistically determine the sensitivity of the impact to future changes. 
10.2.6 Effects of an airport closure – A case study of Heathrow Airport  
This analysis assessed the implications of a severe air transport system disruption, due 
to extreme weather, by analysing its impacts with the example of a hypothetical short 
Heathrow closure. The system disruptions were measured through delays, additional 
fuel consumption, flight rerouting to alternate airports, and flight cancellations. The 
impact of such traffic disruptions have been separately analysed for departing and 
arriving traffic. The most important findings are as follows: 
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• Using the example of a short Heathrow closure, the chapter identified the 
vulnerabilities of Heathrow airport operations to this type of event.  
• The hidden threat to national UK aviation emissions was found during analysis 
of diverted flights. One option explored is that aircraft operators may want to 
relocate their flights to the original airport of destination after diversion. These 
flights and their emissions are not included in any national statistics, although 
their contribution to national estimate is measurable.  
• The economic cost assessment of arriving traffic disruptions revealed that the 
biggest share of costs is due to fight diversions. 
• The environmental assessment of the disruption due to severe weather 
conditions suggested that the implications of such events go beyond obvious 
economic impacts (i.e. delays, cancellations, etc). The assessment of carbon 
costs associated with the simulation of an airport disruption showed that the 
total costs of such an airport closure could double if these effects are taken into 
consideration. 
Overall, the analysis of a short airport closure revealed large costs related to such an 
event. The disruptions associated with the closure have significant operational and 
environmental implications. With the possibility of changes in the frequency and 
severity of extreme weather events, associated with climate change, this result should 
be taken seriously.  
10.2.7 Potential effects of climate change in 2050 – A case study of 
Heathrow Airport  
As the most common effect of weather on air transport operations, air traffic delays are 
expected to increase with increasing climate variability. This analysis evaluated the 
impact of changing weather on air transport operations at Heathrow airport in 2050. . 
Seven climate models were used to calculate changes in weather parameters in 2050 
for the three different emission scenarios. Forecast changes of only four weather delay 
predictors were used to estimate the level of expected weather-related delays at 
Heathrow airport in 2050. The most important findings are as follows: 
• Future changes in wind speed will have a larger effect on the occurrence of 
weather-related delays at Heathrow than minimum temperature. The largest 
increase in probability of delay occurrence, due to forecasted changes in wind 
speed, is during the winter months (8-14 percent).  
• Both minimum temperature and wind speed changes suggest that the 
probability of weather-related delays may decrease during summer months. 
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• The estimate using other weather parameters important for weather delay 
assessment in the future (i.e. visibility, or occurrence of fog or snow), that affect 
air transport delays at Heathrow, could not be performed due to limited 
information on other parameters predictions from climate models.  
• The net effect of forecast changes of all four weather delay predictors indicate 
that the highest positive changes, or increase in probability of experiencing 
delay due to weather conditions in 2050, are during winter months (up to 7 
percent). However, during summer months, the frequency of delays is expected 
to decrease by almost 15 percent.  
• Estimated weather-related delay costs by month and for the whole year in the in 
the future show an overall decrease in costs during the summer months and the 
first-half of the autumn (up to almost 30 percent), while the cost increase is 
largest during winter months and November. The net annual impacts are small. 
• A very simple analysis with an aim to examine the possible impact of changes 
in the quantity of rain on delays in the future show that predicted increases in 
rainfall during the winter months and predicted decreases during the summer 
may change the probability of weather-related delays by up to 8 and 13 percent 
respectively. However, these magnitudes of change may be smaller due to the 
analysis assumption that all precipitation changes in the future correspond to 
changes in rainfall. 
• It is estimated that changes in traffic at Heathrow airport will not have a large 
impact on the occurrence of weather-related delay. However, this estimate does 
not take into account future possible runway capacity constraints or any other 
operational issues which may alter the delay occurrence probability. 
Overall, this analysis assessed the impact of climate change, for a very limited range of 
weather parameters. A more detailed analysis of the impact of changing climate on the 
frequency of weather-related delays at Heathrow could not be performed due to a lack 
of forecast data for other predictors.  
10.3 Policy issues 
In order to introduce and adjust future policy, technology, and operational measures to 
curb the impact of air transport on the environment, a full picture of its influence and the 
feedback mechanisms associated with it is necessary. Therefore implications of future 
climate on the sector were explored. To summarize, although, some of the results in 
this thesis indicate relatively small effects of changing climate on air transport sector 
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(i.e. wind field changes), there are a few important findings for policy and planning of 
future airports and/or airspace. The most important are: 
• The cost analysis of the simulated airport closure suggested that in severe 
weather events of this magnitude, the common belief that it is cheaper to delay 
flights on the ground than in the air may be untrue. This can have an impact on 
airline policies regarding decisions on how to delay flights. 
• The environmental assessment of air transport system disruption due to severe 
weather conditions suggested that the implications of such events go beyond 
obvious economic impacts and that costs can double. With possible inclusion of 
these costs into overall airline costs, this may have large impacts on future 
airline policies regarding decisions on which flights to delay and when. 
• The option of relocating flights to the original airport of destination after 
diversion, showed a measurable contribution to national estimates, even though 
they are not included in any national statistics. This could be important to 
consider in bringing aviation into the ETS. 
• Forecasted increases in the frequency or magnitude of extreme weather events 
should alert airport authorities to better prepare for situations that can close 
runways, delay or cancel flights, and to properly adjust their operations and 
decisions. 
Overall, the potential impact and benefit to society of this analysis is a better 
understanding of some of the potential costs associated with climate change and how 
the air transport sector can begin to plan to mitigate these impacts. Government 
agencies will benefit from being able to undertake better planning. The aviation industry 
will likewise benefit from knowledge on how to plan and potentially mitigate various 
climate impacts. Academic researchers will benefit from the knowledge and information 
developed in this research. 
10.4 Caveats 
This section lists the main caveats of the analysis in this thesis. These are listed below 
in the order in which the three main research objectives are assessed in the thesis. 
1. The impact of future wind field changes on CO2 emissions of aircraft is analysed 
with an assumption that the observed wind speeds will increase by 10 percent  
which was determined to be a likely magnitude of potential change in the 
medium term. The main limitation of this analysis of wind profile changes on 
CO2 emissions is the use of only one site for wind data for all of UK airspace 
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due to sparse or missing data. There is a possibility that a better resolution of 
the wind profile, both vertical and horizontal, could lead to larger changes in the 
estimated fuel burn. However, this wind profile was the best representative of 
the S-E UK wind profile and this region attracts approximately 60 percent of the 
UK traffic. In addition, due to the current functionality of the ATMOS Weather 
Model it was not possible to include temporal resolution into the wind profile.  
2. The impact of changes in severe weather patterns on the operation of UK 
airports was analysed using the example of a simulated short closure of 
Heathrow airport. To assess the impact of extreme weather conditions that 
could result in severe disruption, a simulation was conducted of what might 
happen if Heathrow airport were closed to all traffic for one hour. The lack of 
actual data on past events necessitated a simulation, but this also allowed the 
tracking of changes in carbon emissions. The analysis revealed large costs 
related to such an event and showed that disruptions associated with a closure 
have significant operational and environmental implications. Although the 
implications of this type of severe system disruption on the overall network are 
expected to be much larger (i.e. loss of connecting flights, impact on operations 
of other airports, airspace congestion, etc.) it could not be analysed due to lack 
of data. In addition, the analysis of the environmental impact of the airport 
closure is based only on CO2 emission costs.  
3. The impact of changes in weather patterns on air traffic delays was analysed 
again using the example of Heathrow airport. However, this analysis assessed 
the impact of climate change for a very limited range of weather parameters 
because of the lack of available data on all the desired parameters. Forecast 
changes for only four weather delay predictors (used for delay modelling in this 
thesis) were used to estimate the level of expected weather-related delays at 
Heathrow airport in 2050. Information on other parameters (i.e. fog, snow, or 
visibility) that are found important is very limited and uncertain. Therefore, more 
detailed analysis of the impact of changing climate on the frequency of all 
weather-related delays at Heathrow could not be performed. 
While these limitations of the research may affect the robustness of the results 
obtained in this research, the key research objectives set in Chapter 1 were largely 
met. The analysis was largely successful in tackling the defined research objectives 
using some innovative techniques. Overall, this thesis was unique in that it combined 
aspects of air transport engineering and simulation tools with climate modeling and 
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statistical analysis of weather events. The research challenge was largely focused on 
linking various data sources with appropriate modeling and simulation techniques.  
10.5 Future work 
The research presented in this thesis demonstrated the capability to assess the 
implications of changing climate on the air transport sector. However, these findings 
also suggest a number of directions for further research. These include: 
• With additional air traffic samples to reflect seasonal and weekend traffic 
changes, the accuracy of the UK CO2 emissions estimates for the air transport 
sector provided by the analysis in Chapter 4, could be further improved.  
• The availability of higher resolution current and future wind profiles for the UK 
could further improve the analysis of the impact of wind profile changes on CO2 
emissions. 
• With the availability of detailed traffic data for international flights, to model 
effects of wind on their full trajectory, the analysis of the possible wind changes 
that might affect flights to and from the UK, but outside UK airspace, can be 
expanded. 
• Statistical models for weather-related delay could be improved with more 
detailed observed data (e.g. delay and weather data in 15 minute time series). 
This in addition could provide better estimates of daily air transport delays 
variability in relation to weather conditions. 
• The analysis of severe system disruptions, due to extreme weather events, 
could be expanded to include overall network effects and assess the impact of 
severe weather implications for much broader regions (implications for other 
airports, connecting flights, etc.). 
• The environmental cost analysis of severe weather disruptions could be 
improved by considering other pollutant costs (e.g. NOx). 
• With the availability of future predictions for additional weather parameters, 
assessment of climate change implications on airport weather-related delays in 
the future could be further improved. 
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